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INTRODUCTION 

D U KIND, the Iasi four or five decades the Appli¬ 
cations of Clicinisiry have experienced an extra¬ 
ordinary development, and ilierc is 5,carccly an industry 
that lias not benefited, directly or indirectly, from this 
exjiansion. Iruiecfi, the Science trenches in ereater 
or less deerce upon .til de|)artment.s of human activity, 

• I’nictically every division ol Natural Science has now 
been linked up with it in the uimmon .service i;! man¬ 
kind. So ceaseless and rapid is this expansion that 
the recondite knowledof; ol one generation become-, a 
{)<irt of the technology c>i the next. 'I'husthe conceptions 
of dientical dynamics ol isne decade become translated 
into the current practice ol its successor; the doctrines 
concerning chemical stnirturc and constitution of one 
period form the basis of large-scale synthetical processes 
of e.nothcr; an obscure phenomenon like Catalysis is 
lonnd to be. capable of wide.spread application in 
manufacturing ojk rations of the most diver.se character. 

I'his series of Monograplis will afford illustrations of 
these and similar facts, and incidentally indicate their 
bearing on the trend of industrial chemistry in the near 
future. They will .serve to show how fundamental and 
essential is the relation of principle to practice. They 
will afford examples of the application of recent know¬ 
ledge to modern manufacturing procedure. As regards 
their scope, it .should be stated the liooks are not intended 
to cover the whole ground of the technology of the matters 
to which they relate. They arc not concerned with the 
technical 7itin7tticF of mamif.icture except in so far as these 
may be necessary to elucidate some point of principle. In 



some cases, wliere the subjects touch the actual frontiers of 
progress, knowledge is so very recent and its application 
so very tentative that both are almost certain to ex¬ 
perience profound modification sooner or later. This, 
of course, is inevitable. But even so such books have 
more than an ephemeral interc.st. They are valuable as 
indicating new and only partially occupied territory ; and 
as illustrating the vast potentiality of fruitful conceptions 
and the worth of general principles which have shown 
themselves capable of useful service. 

Organic Compounds of Arsenic and Antimony. By Gii.hf.rt '1'. 
Morcan, O li.K, D.Sc., l''.R,S., l-'.I.t;., M.R.I.A., A.R.(J..Sc., i’ro- 
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Cement. By Bertram Blount, F.LC., assisted by William 11. 
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PREFACE 

In’ compiling this short monograph I havi' availed myself 
freely of the information contained in a number of books 
in which the subject of Catalysis is discussed, and am 
sjiecially indebted to the following - 

Sabatier, La ( atalvsc t ii Chimu: (>rganique, 

Jobliiig, ( i//(i/vjis. 

tarleton Idhs, ! he l/ydro'^enalion of Oils. 

\\i vl. l>u' MethoJen dcr (>r;.;ttniSLhen C heiiiie. 

Allmand, Jf<f>iieil l:h\in>-( kcniiblrv. 

Ihe Joiinml (,/ the Sucu'Iy <'/ Chemieul Industry has been 
an mvahiuble source of abstracts of jiatenl specifications, 
ot abstracts of pafieis published in othei journals, and of 
ori'tmal communic.itions, 

1 he monograph will serve, I hope, to indicate the number 
and variety of the indiislrial applications of catalysis, and 
to suggest the o'esirabiliiy of further work iii this most 
pronusing field of investigation. 

'Ike Royal Technical 
July, jgiS. 


G. G. H. 
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CATALYSIS IN INDUSTRIAL 
CHEMISTRY 


CHAITEK I 

CATALVhlb AND CaIALYSTS 

The tiTin '■ t utalysis ” is n<>v\ yi iu'ralK' iisrti to designate 
those eiicniiral cliaiiges of wlie li the pmgiess is motlilied 
liy tlie presence of a foreign substance, and the agi iit whieli 
indures fhc etfei I is tailed the ‘catalyst.” It has for long 
been known that the velocity of mam cUenucal reactions 
winch take jike e very slowly if the reacting substances 
alone, are jircscnt in the systcii is greatly increased by tlie 
addition ol certain substaiiees wliitli have the .viiiie com¬ 
position after the change has been completed as at the 
heginiiing, and which iheiefore ajipiar to inlliieiice the 
cieirsc of the reaction without taking any definite stoiehio- 
niciric part It is now' recognized that tin jiiienonii'iion is 
of very .yncral occurrence, and the iniportaiiee of file study 
of the subject is sufficientl_v demonstrated hv slatcnu iit of 
the fact that the employment of catalysts enables the 
technical chemist to carry out a large number of manu¬ 
facturing processes which otherwise would he economically 
impossible. 

At one time the idea prevailed that catalytic actions 
are the exccjition rather than the rule, but our constantly 
increasing knowledge' of the enormous nuiiiher and \-ariety 
of the chemical changes wliich are susceptible to catalytic 
influences has shown tfiat this opinion is vxry far from being 
correct. Tliere arc, indeed, good grounds fur accej-iting 
Ostwald’s statement that there is probably no reaction 
wliich cannot be influenced catalytically, and no substance. 
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whether elementary or compound, which cannot act as a 
catalyst 

Catalytic actions are of two kinds, homogeneous and 
heterogeneous. The hirmcr class includc's reactions be¬ 
tween gases which are promoted by a gaseous catalyst, 
and those in which the catalysis is due to some substance 
which is in solution in the liquitl in which the reaction is 
taking place. A typical e.xam[)le of the latter is the con¬ 
version of cane sugar into dextrose and kcviilose in aqueous 
solution. At the oulinary temperature the reaction 
CijIljaOii f — Cjllistle “c Cglli^OB takes place very 
slowly, wlu'U, liowever, a strong acid such as hydrochloric 
acid is added to thi* solution the sjieed of the change is 
greatly increasid; in dilute solutions the velocity is pro- 
portion.-d to the conci-ntration of the hvdiogen ions. 

As regards gaseous systi'ins, the influence of catalvsts is 
illustrated by the eilect of water vapour in inducing the 
conibuiation of carbon monoxide and oxygen. As was 
shown by Di.xori, the dry gases will not unite, the presence 
of water vapour, or of substances winch will form water 
vajKiur under the cf/nditions of the expenmcni, is essential, 
since the n-action takes place in two stage.s, as rep/resented 
in the following equations — 

(1) c('0 4- clljO - 2(T>2 4 qH, 

(2) 411 i <T --2il/) 

The cases of hetn'og'erieoas catalysis fall into two groups— 

(1) Catalysis of a gaseous reaction by the introduction 
of a solid: for example, n the well-know'll contact method 
for the jirod ictiim of sulphuric anhydride the combination 
of suli'iiui dioxide and oxygen is induced by the catalytic 
action of spongy platinum. 

( 2 ) Catalysis of a leaction occurring in a solution by 
addition of a solid or of jiarticlcs such as are found in col¬ 
loidal solutions of metals or of enzynies; as, for instance, 
in the hardening of oils or liquid fats by treatment with 
hydrogen in iiresence of finely divided nickel. 

In heterogeneous catalysis the activity of the catalytic 
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agent is largely dependent upon its physical state; as a 
general rule the finer the st:ile of division the greater the 
activity. Thus platinimi black is far mote eflieient than 
spongy iilatiiHini, and tins in turn than the compact metal, 
whilst maximum activity is attained when the metal is 
leduccd to the extreme state of subdivision in which it 
exists in colloidal solutions. 

There is room lor imnli dilfereme of ojiinion as to the 
jiart actually pla\'ed by ;i catalyst in a reaction which is 
influenced b\’ its presence, and, indeed, it is <'ul}' necessary 
to consider the great diversity of catalytic reactions in 
order to realize the diiiiculiv of foniiukitmg an explanation 
of the meehamsm of catalysis which will be a]i]ilieable to 
till cases, 'file tbeoiies which have been advanced to 
explain the iiierhaiiisni of catalvsis fill into two classes, 
the chemical and tlu jih\sicai. file former assorts that the 
‘‘Ifeet of the cat.ilysi is to be attributed to the continuous 
fonn.Uioii and dect'iupositioii of uiisiable intermediate 
products, whilst the jilivsictil theory e.xplaiiis the jilienoniena 
as being due to the fondeiistition or inert'ase in concentra¬ 
tion, of tile reacting substances at the surface of the catalyst, 
such iitcteasc in concentration being brougiit about by 
c.i[)dlary loiees, bur a discussion of the iival theories 
readers are lefeiiel lo Mellor's Chemical S'.aC.es n>u} Dyna¬ 
mics, and to Lewis's .1 Sxslcm ot 1‘hvsical Chemistry, Vol. 1. 
Ih'iv it must sullicc to state that hevond doubt many 
catalytic reactions, and probably all which take place in 
homogeneous systems, depi-nd upon the formation of 
unstable intermediate comjioimds. and that it is dilficull 
to understand how the physical theory can afiord an explan¬ 
ation of the sjiecilic action of catalysts and of tlic diversity 
of the effects which tlie^’ produce. In many cases of hetero¬ 
geneous catalysis the possibility of the fonnatioii of inter¬ 
mediate products is by no means excluded. The effect of 
metals as catalysts of hydrogenation may be explained on 
the assumption that nietalli< hydrides are formed, which 
under the conditions of the experiment give up their hj’drogen 
to the substance undergoing hydrogenation. The cataiytic 
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iirtion oE nii lals in promoting the combination of nitrogen 
ami hydrogen t.) form ammonia may he attributed to the 

formation of ra tallic nitrides winch interact with the 

hydrogen; and, in fait, nitrides snch as uranium nitride 
arc excellent catalysts of the reaction. The dehydrating 
action of alumina on alcohols may be the result of the 
formation and subsequent decomposition of aluminium 
alkyloxidcs, w'liich, in fact, are known to exist and to 
bre.tk down under the influence of heat, for exainjile, the 
formation of ethylene from ethyl aleohol may be repu'sented 
by the following eijii.itions : 

(1) j- urdl.tHI 1-LO - ALOjfOCdl,),: 

(2) Al/ThMidiAU)„ . lU)-r ,ll“,. 

Many other examples might be quoted, but at the same 
tini'.' it must be .idnnttel th.it in at le.i'-t some cases of 
heterogeneous cataivsis the pln'.-.ic.il tiieorv aj'pears tci olfiT 
the only explanation of ih.' .u'tiou of the c.iiaKst. 

It was long ago rerogii./.e l that a i.it.ilv'.t has the same 
cht niical i oniposition at th" end oi tin read ion in which it 
has exerti d an inlliieni e as at the tiegmiung, but it must iie.t 
be concluded tli.it its jCivsic ii sl.ite is nece.-i^anls'the same 
after the reaction is over. Cm tin- cnntrarv, the change in 
ph'i sical eondition which in in.an' cases the catalyst has 
uini.-rgonc slmw, that it h is taken an achve' part in the 
readion m the s eise fa.u an ini'i rrieili.ite cornpijund has 
been formed. For inst.iri.i , wiieii arninoni.i is decornjiosed 
into its eleiiiiiits b. '.oritael '.Mt.i acated in tals there is a 
complete a'leration m sin jilrysical slau- of the latter, 
which is nn'loul'edlv due to the continuous formation 
and dec mjiosilion of m. t.illi'- nltmles. 

A .small, soracti'iies an infinitesimal, quantity of a catalyst 
suffices to elfecl the transfonnation of an indefinitely large 
amount of the reacting substances, unless for any reason 
the activity of the cataivst is redu jd, either by the presence 
of tiaces cd siibst mces whidi have a oeleterious effect or 
by a cluiiige in it> phy.sical comiition, oi 'inless the cata¬ 
lyst disajipear-, owing to inciependcnl side reactions, as 
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happens to aluminium chloride in Fricdel and Crafts’ 
reaction. 

Ostwald’s definition of a catalytic agent as a substance 
which changes the velocity of a reaction without itself 
being changed by the proeess iinjilies that a reaction must 
not only be [lossible but actuall)' in at least slow pn'.gress 
before the catalyst can produce any etlect, or, in other words, 
that a catalvsl is not capable of starting a reaction, but 
can only modify the rate of changi. Other chemists, on 
the conuarv, hold that a rea'dion which is not taking place 
at all can bo started bv the addition of a catalyst to the 
system. Perhaps tin- difterence between the two views is 
mote apparent than teal, for. after all, it is not easy to 
discriii.m.ite between a reaction which is not taking place 
and one wliieh is in progress but of whieh the progress is 
too slow to lie d''t'ce(ed bv any means at our disposal. 

Since (atalvsis lake no jieiniauenl ]iart in many of the 
reactions whii h are mthieiieed liy their [uesi'nee, they 
cannot affect the e'|ui!d>Mnm point lin.iily re.iehed, although 
the Velocity of the change may be greatly inodihed. In 
balanced actions the tinal state of 1 i.(iiihhriuin deiiends 
onl\ upon tiie ratio of the velocities of tlu' direct and the 
c'verse occtions, .ind since the final st ite of eqiiilitirinm 
1 ' not afic' ted l'.\' the [ireseitee of :i catahjCi, it 'ollovvs that 
the ' .locities of both the direct and the re\’--‘rsi reactions 
are tliueby changed by the same fractional amount. In 
general the state of (S|mlibrinm in a system is independent 
of both the nature aiul the quantity of a catalyst present 
in the system, although in eases where the catalyst dts- 
appt ars to some extent owing to tlie oceurrence of secondary 
reactions it is cleaily possible that the equilibrium point 
may be sinfted. 

In some reactions snbst.inces are jirodnced vvhicli them¬ 
selves have a catalytic efleei on the speed of the change; 
this phenomenon is called Aidocalulvsis. For ('xample, 
the h 3 ’drolysis of esters by water is greatly accelerated 
by the addition of acids, .md it has lieen observed tlr.t 
the acid jiroduced by hydrolysis of the ester itself atti 
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catalytically; hence it is easy to understand why it is that 
the action of water on an ester proceeds slowly at first and 
rapidly increases in velocity as the acid accumulates in 
the system. Again, Veley has shown that the action of 
pure nitric acid on many pure metals such as silver and 
copper is very slow, but once begun incr('a'.cs in velocity 
and may become very violent, because nitrous acid, which 
acts catalytically, is produced in the reaction. 

Most frequently the effv'ct of the presence of a cat.alyst 
is to increase the velo;:ity of a chemical change, but many 
inslanct's of Xc;iativc ( atalvsis are known, in which certain 
substances have an inhibiting efli ct on the progress of the 
change. The o-xidatiou of sodium siilphiti' in aipieous 
solution by owgen much ret.arded bv the prc.s' nce of 
very small quantities of such subst.mces ,is mannitol or 
beuzaldchyde; the ad iitioii of a small amount ol alcohol 
iiiliihitb the (leconip'iMtiun wiiu li clilorofor.n undergoes in 
piesence of air and hglit; water, which so liequeiitly lias a 
catalvtic eifert in pnanoting a reartion. mac als.r act as a 
negtitive catal\st. fur exaiiqile, in lettirJing the decom- 
pi/Sitlon of osalic arid by hot eoiicentraleil sulphuric acid. 
Negative caialv'-is ,;iKo orruis when one of the reading 
substances which h.is a catalytic influence is gradually 
withdrawn from tile system during the course of the reaction. 

The inhibiting iclion of neciMve catalysts must be dis¬ 
til’ uiislie 1 bom the effect of " poisons,’ or ‘ aniicatalysts ” 
on the activity ol csatalvsis. It is frequentlv oliserved lli.xt 
catalytic agents lo>,.- thcr eliicwuiv ;ifter being in use for 
some time, aud as a rul',’ liiis is du. to tlic presence of sub- 
stmices wiurh have an injurious imluence. In the contact 
proce.ss for tuc manubicluie of suljihuric acid even traces 
of ar.v’nv' compounds in the ga.scs soon render the platinum 
catalyst (jaite iu.active' in the svntliesis ol aimnonia from 
its elements non eont.i.'iiiig :is little ;is o-oi per cent, of 
sulphur is of very little use as a catilyst; when using 
fine! ,' divided nick*’! as a catalytic agent .S.ibaticr found that 
traces of bromine in the air of the i.dior.itory rendered it 
impossili! ■ to hydrogenau- pldiiol which iiad stood there 
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overnight in an open flask, and that benzene which had not 
been scrupulously freed from thiophen could not be con¬ 
verted into cyclohexane; in hydrogenations of liquids in 
presence of palladium, it has been found that wlnm the 
palladium is deposited on aluminium, iron, copper, zinc, 
silver, tin, or lead, these metals show a decided anticatalytic 
effect, and that their oxides, hydroxides, and carbonates 
act in a similar manner; other examjiles of the action of 
catalyst poisons will be found in subseijuent chapters. It 
will be observed that even minute traces of poisons may 
have disastrous eftects, and therefore, for certain classes of 
reactions, it is essential to piovule for the prejiaration of 
contact masses free from poisons or for the remoc'al of such 
poisons from them, and also for the careful purification of 
the n. acting substances. 

The discovery of the anticatalytic effect of certain sub¬ 
stances is of very ^,reat impoi uiiice; equally important is 
tile oliservation that other substances have a directly 
o|>posite influence. In many catalytic ivac.tions it has 
been found that the addition of small quantitit.s of “ pro¬ 
moters ■' or " activators," as they are called, h.is the result 
of increasing the activity of c.italysts in a very remarkable 
mauiier. This iqqiears to be syiecially the case where the 
catalyst is a metal, and then the promoters may be other 
nv tals, 01 oxidi s. hydroxides or salts of the aikuh metals, 
of tin alkaline earth metals, and generally of those metals 
which yield oxiile.s ami salts which are not reducible by 
hydrogen ; v'aiious other instances of the advantageous 
cmplot’incnt of promoters are given in the description of 
the synthesis of ammonia, of the oxidation of ammonia to 
nitric acid, and of other catah’tic processes. The mode of 
action of promoters is not understood; indeed, our knowledge 
of the phenomenon is at present limited to some isolated 
facts, but there can be no doubt that further experimental 
investigation will lead to a more extended application of 
this method of activating catalysts. 

In some cases where two catalysis are able to induce the 
same reaction the joint effect if they arc used simultaneously 
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is tlic same as if each were acting alone, btit very often the 
joint elfc'ct is not the sum of the separate effects but fre¬ 
quently greater. 1 his is the case, for instance, when a 
mixture of ccijjper sulphate ,and mercuric sulphate is usc'cl 
as the catalyst jn the oxidation of naphthalene with sulphuric 
acid. 

The number of substances known to be effective as cata¬ 
lysts in reai'ticms of many different kinds is already very' 
largi, iind gr(A\s contiiiUtdly as a result of the increasing 
attention given by chemists to this iield of investigation.' 
Probably there are very few, if any. substances which are 
not capable of exerei.smg a catalyiic influeni e of .some kind 
on the ]rrogiess of chemical change, but however that may 
be, it IS c-eitainly the case that many of the reactions carried 
out both m the laboratciiy and on the nianufactiiriiig scale 
are iiillueiin cl, f ivcuirablv or otherwise’, by the presence 
in the materials iindeigoirig the reac tion of ,small quantities 
of foieign substances vvhieli have a catalytic ehect. 

Many of tlu catalysts employed in industrial c-lieniistry are 
referred to in the following chapters, and, as will be seen, 
the list includes boili iion-nietallic and metallic elements, 
acids and b.e ^s, oxick s, chlorides and many other salts of both 
the cauiiinorier and the rarer metals, certain rompounds of 
carbon, etc, llie methods of jireparing and applying rnanv 
of these substanc s ary indicated in the discussion of the 
jir T’ses in which tliev aie used, and it is unncressaiy to 
reraiiituiate the inlorination given in these' sc’ctions; at 
the same time it wiii he coiive'i-nt to give at this stage a 
brief desciiptioii of tlu’ ni’. iliods of cihtamirig active fonns 
of a few of the nit tallie catalvsts in general ii.,e. 

Nickel, irc ii, and c-ojific t have fciiind extc’nsive application 
as cat lb s'ts, usually when in a state’ cjf fine division, and 
for certain purpose’s their effieiency depends in a marked 
degree upon tlic method of p'rejnration emplctyed, since this 
determines nc)t only the’ jihysieal condition of the metal, 
but also its freedom from catalyst poisons, 

Nirkel pn’paieci by reduction of the o.Mde with hydrogen 
at a bright n.d heat is almost inert as a c'atalyfic agent; 
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on the other hand, wl\cn obtain(;d by precipitating nickel 
lu'droxide from a solution of tlic nitrate, washing and drying 
the precipitate and then reducing it at a temperature of 
about 250“, the metal is extremely active, but at the same 
time very sensitive to catahst jioisons, A generally useful 
form of the metal, which retains its activity for a long time, 
can be prepared by calcining the nitrate at a dull red heat 
and reducing the oxide thus obtained at about 2iSo’’. Since 
the presence of even minute traces of chlorine, and still 
more of bromine or iodine, in the metal ]>aralyzes its catalytic 
power, an oxide obtained by preci])itati<in fiom the chloride 
should not be used as a souicc of the metal; on the other 
hand, the oxide obtained by ralcination of the sulphate 
frecj'.untly gives good results. An increased surface of the 
catahst may be pioduccd by cii positing it on pumice; for 
examjile, by ini['re'.mafing fragments with a solution of an 
easily reducible niikel salt, r. g. the formate, drying, and 
reducing with liydrogm, or by mixing the pumice with a 
paste of iiickel hydioxide and W'ater, drying and treating 
with hydrogen. 

When used lor jirorcsses of hydrogenation, etc., the 
oxide should be reducid in the same tube in which 
the proce.ss is carried out, in order that the activity of the 

'dueed metal sh.dl not be imjiaired by its contact with 
atOic-nhenc oxjgen. 

An ingenious nu'thod which has been suggested for the 
production of a very pure and very finely divided form of 
the metal in contact with the substance under treatment, 
tor example, a fat imdeigoing the hardening process, con¬ 
sists in converting the metal into mekel carbonyl, w'hich 
when passed into the healed matenal breaks down into 
nickel and carbon monoxide. 

The behaviour of a nickel catalvst towards poisons is 
said * to dilfer considerably according to its method of 
preparation. A catalyst preiiarcd by distributing basic 
nickel carbonate on an inorganic carrier and reducing it at 
a temperature of 450 ' was tound to be remarkably resistant 
’ Kdbi r. Ihi , lyio, 49 , i8(>S. 
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to poisoning by anticatalysts such as hydrocyanic acid, 
sulpliuretted hydrogen, and carbon disulj)hide, and, for 
hydrogenation at the oidinary temperature, to have an 
activity much greater than tliat of nickel prepared by 
reduction at much lower temperatures. For liydrogenation 
in liquid media at the ordinary temperature it is recom¬ 
mended to prepare the nickel by precipitating the basic 
carbonate from a solution of the sulphate in ]>resence of 
infusorial earth, washing and drying the preciiiitatc, heating 
in hydrogen at 450 for two hours, allowing to cool in the 
current of hydrogen, and then passing a cm rent of carbon 
dioxide over the cataly’sl for half an hour. 

Fcir certain purjiose.s iron may be used in the form of 
powder or of line wire withoul speiial puriiication, but in 
some cases, for instance in the synthesis of ammonia fiom 
nitrogen and hydrogen, the traces of mipuiities which are 
present even in the ])uiest foni s of commercial iron render 
it quite ineffective, or, at least, serioiisiy iirq'.ur its efhciency 
as a catalyst. Flie metal may be obtained in a stale of 
purity by burning juire coinmercia! iron in .1 current of 
oxygen and tlun reducing the inagiu-Ui- oxide thus foriiied 
with carefully jninficd hydrogen, ]ireferably at a temperature 
of about 450'. 

Cojipcr IS often eiiijiioi'ed in the form of commercial 
copper powder, or is prepared m a very fine state of division 
by precipitation from a solution of tlie sulphate with zinc 
dust. For such purjioscs as the dehydrogenation of afcohol 
it is preferable to use copper obtained by reduction of its 
oxide at a comparatively low ternperdtiirc. The metal in 
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action is much more intense. An active form is also ob¬ 
tained by im])regnating fragments of pumice with a solution 
of copper formate, drying, and reducing with hydrogen at 
as low a tcmi)eratui'e as po.ssible. 

Platinum is sometimes used as ;i, catalyst in the compact 
state or as spongy platinum, but, of course, is more active 
when finely divided (platinum black), and most of all when 
in colloidal solution. 

A very active form of platinum black is prepared as 
follows.' A solution of 50 gr. of platinic chloride in 
50- 60 c.c of water is mixed with 70 c.c. of a 40 per cent, 
solution of formaldehyde, the mixture well cooled, and 
50 gr. of sodium hydro.xide dissolved in an equal weight of 
water slowly added. After standing for twelve hours the 
precipitated metal is collected with the aid of the filter 
pump and washed with water until a deep black liipiid 
begins to pass through. At lias stage the w'ashing is in¬ 
terrupted, and the precipitate left to stand for several 
hours, uniil it lias assumed the form of a loose porous 
mass. It is then washed with water until every trace of 
sodium chhiride has been rttmoved, jiressed in jiorous paper, 
and dried in a desio'ator over snlfduiric acid. Chlorides 
h.we a Very deleterious efieet on the catal3 st, and must be 
ompletelv ehmniatcd. 

it di platinum and jxdladium are very etfici.'nt catalvsts 
in prousses oi hydrogenation when in the colloidal state. 
Colloidal solutions of these metals an- not ditheult to prepare, 
and may be kejit for a considi rable time, although not 
in the presence of some substances. Moreover, Paal has 
shown that their stability is considerably increased in the 
presence of certain organic substances. The substances 
originally used by Paal, to W'hich he applied the names 
protalbic acid and lysalbic acid, may be prepared from egg 
albumin,* by heating at 100" with a 3 per cent, aqueous 
solution of sodium b^^droxide for one hour. On adihfying 
the solution with acetic acid protalbic acid is precipitated, 
whilst lysalbic acid remains dissolved. The protalbic acid 
* Loew, Her ., 1890, 23 , 289. * Her , 1902, 35 , 2195 
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is puriiicd from salts by dialysis, washed with alcohol, 
and dried; it is a white’ powder, easily soluble in aqueous 
acetone or acetic acid, and m both acids and alkalis. Lysalbic 
acid is isolated by evaporating the mother liquor to small 
bulk and acidifying with sulphiinc acid. It is then purified 
by pouring its concentrated aqueous solution into alcohol, 
and when dry forms a tine nhite powdi'r, soluble in W'ater. 

An alkaline solution of soiliiim lysalbate or protalbate is 
treated with platiiuc chloride and a slight c.M'ess of hydr¬ 
azine hydrate and left to stand for five hours. The salts 
produced arc removed by dialysis and the solution con¬ 
centrated, lir^t on the watei-bath and then in a vacuum. 
The product wiien dried at loo forms black lustrous scales, 
which dissolve laadily iii water to a daik blown op.ilesccnt 
solution. Colloidal solutions of palladium may be prepaied 
in a similar inami.r.' The solutions are very stable, ami 
even when com. entiabd tan be heated for some lime without 
undergoing change-. 

The use of eolloid.il pl.itimim and palladium has been 
greatly sim[ilifieJ by modifying tile im-thoils enqiloyed in 
the preparation of the i..,talyst. In pl.ii e of lys.dbie acid 
or protalbic acid gum arabie is now used as the piofeetive 
colloid, and preliminary rediielion of the metallic salt is 
not necessary. To the alcoholic .'.ulution of tlie siibstaiirc 
lo be reduced, aqueous (i per rent.) soluti-ms of p.ill.uliiini 
or jilatinimi chloride, .ond of gum trabie arc added, care 
being taken that the s.ilurion reniaiiis ck-ir, and hydrogen 
is then passed in i itl-'-r at ilie oidm ;ry or at slightly increased 
pressure.- VViili uiisalurUed substances other than alde¬ 
hydes or ketones the metal is as a ruk- prcci['itated in a 
granular form, and tln-ri hydrogenation is very slow, or 
does iKii lake place at all, if, liowever, a trace of a pre¬ 
viously prepared colloi kil solution of the metal is added 
bi-fore passing in the h}'diogei; the metal then separates 
in the colloidal and not in the granular fonn, whatever the 
nature of the uns.''mated compound jiresent.’ 

^ I’ai) V-L'y . i'l l-’, 35 , “ 1 ), ' I* -'V'/ -)' 

Skil l ais<l Mcvi;r, llo 191,*. 45 , ’,379. 
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In general, the most satisfactory method for the hydro¬ 
genation of misaturated conijxmnds, when in solution, is 
to add to the solution of jdatmum chloriik; and gum arabic 
a trace of :i colloulal j)!atinuiii or palladium solution, and 
then to pass in hydrogen; the unsaturated substance, 
which may be present from the beginning 01 added after 
reduction of the platinum salt, is then easily reduced by 
hydrogen. 

Colloidal solutions of the rnctnls may be prepared by 
passing hydrogt'T) into previously warmed solutions of 
platinum or palladium chloride and gum arabic. If these 
solutions are diah'sed ami then e\’a])orated to dryni'ss in a 
vacuum colloidal platinum or palladium is obtained in the 
form of blach scales whidi are readily .soluble in water, 
and these are suitable forelleitmg hydrogenation in acid, 
alkaline, or neutral s>iliitjon. Tiiese colloidal metal solutions 
are not decomjiosid e\en on boiling with acetic acid, and 
this forms the basis of a i.i]iid method of hydrogenating 
aromatic or heferocyi lie compouiRb. A small quantity of 
a colloidal solution of platinum or palladium i; added to a 
lioinogeneous solution in act tie acid of the substance to 
be 1 educed, platinum chloride, and gum arabic, and the 
\v'iule is shaken with hydrogen until the theoretical quantity 
ha>, been abso!bi.d 

Soiations of palladious chloride and of potassium chloro- 
platmite containing gum arabic when treated with sodium 
larbonate give palladious and platinous hydroxides in a 
colloidal condition: careful evaporation in a vacuum after 
(halysLs leaves the colloidal hydioxide in the form of brown 
or black scales resjiectively, which readily dissolve in water 
again. Solutions of tiiese hydroxides when shaken with 
hydrogen are reduced, and on evaporation scales of the 
colloidal metal are left. The colloidal hydro.xidos themselves 
are well suited to reduction processes.* 

In the present state of our knowledge of caial}d.ic phe¬ 
nomena, it is not possible to say beforehand what catalyst 
will be most effective in promoting a given reaction. It is 
* SLita and Ileycr, loc. at. 
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known, of ooursp, that different groups of catalysts are 
specially suitable for purposes of oxidation, reduction, 
hydrogenation, dehydration, etc., and to that extent sonic 
guidance in the choice of a catalyst will be afforded by 
consideration of the nature of the reaction which it is 
desired to promote. But although general considerations 
of this kind will assist the chemist by preventing him from 
spending time in testing the action of substances which 
will almost eertainly jirove to be inefiective, yet the ways of 
catalytic agents are so bewildering in their diversity that 
as a rule, much careful expenmental work wall be reijuired 
in each case before the most efficient agent is discovered. 
Of course m such iina'stigations it is of vital importance to 
ensure ttie alisence of all snbstaiiees which may act as 
catalyst poisons, and in this connecUon it must not be. 
foigotleii, when leactions in solution are concerned, that 
the course of the diaiige may be grealK’ modified, cata- 
Ivtieall}' or otherwise, by the nature of the solvent. Thus 
it lias been found that in the ])reparati()ii of broinu-deriva- 
tives of aromatic hydrocaibons an iomznig sedvent .such as 
nitrobenzene assists substitution in tlie nnclens, whilst 
non-ioniz.ing solvents, for example, carbon disuljihidc and 
carbon tetrachloride, have the effect of jiromoling siib- 
sti'.ution in the side chain. Again, in experiments on the 
hydrogenation of unsaturaled substanres i , solution, using 
paiiadium-mckel as catalysf, btn/.ene has been iirovcd to 
have a marked inhibitme effect, which peisisls even after 
the catalyst hat been thoroiighiy washed with ether and 
gently heated in hydrogen; a similar f'ffecl is produced 
by acetone, whil-1 alcohol and ether have no such action. 
Anotliei .subject, regarding which very little is knowm at 
present, will rejuy carctul study, namely, the remark¬ 
ably beneficial effects [iroduccd by admixture of suitable 
piomoters with catalysts. 



CHAPTER II 
Hyukogfn 

Within tlu' last twenty yi;ars the terlinical applications 
of livalrogen liave greaih’ i;i( reas d in Ixitli number and 
importance. 'I'he gas is now used m very large quantities 
in a niiinber of eluniieal manufactures; for example, the 
synthesis of ammonia inim its elements, the hydrogenation 
of oils, and the reduction of many organic compounds; also 
for the production of the high teinjiciatures required in such 
ojierations as the fusion and w lding of platinum and the 
manuhieture of ajifiaiatus from fused silica; for the final 
trealmeiil of the tungsten lilaiiuiils u.sed in elocrric lamps, 
which are heated to a high temperatme in an inert atmo- 
.sj'here. usually a mi\tu-e of hydrogen and ndrogen; for 
Idling balloons and dirigible air-craft. Moreover, it is 
(ssuitiai that the hydrogen used lor many of these purposes 
sliould be free from e\en traces of oxy.geii or of impurities 
such as t.uhou monoxide, acids, or volatile compounds of 
sulpii ", phosphorus or arsenic. 

The large and incre.ising demand for pure hydrogen has 
naturally led to the investigation of methods by which the 
gas can be prepared and puritied economically, and many 
different processes have been patented; a number of these 
involve the use of catalysts. 

A whole group of patents is based on the fact that in 
presence of suitalile catalysts, steam and carbon mono.xide 
interact, at moderately high femperatures with the formation 
of hydrogen and carbon dioxide: HjO f CO ^Hj -(- COj. 
Of course, water gas, or oilier mixtures of gases containing 
carbon monoxide, may he used insti-ad of the pure monoxide. 

In tliis group the patent ^ of Mond and Langer is of 
* Eng. P liUoS (iSS8). 
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historic interest. Mond found that wlien carbon monoxide 
or gaseous liydrocarhons arc brouglit into contact witli 
nickel at tcm])era(urcs lietween 350 ' and 400 or with cobalt 
at slightly higher temperatures, decomposition lakes place 
into carbon and carbon dioxide or hydrogen respectively, 
the carbon combining with the metal. If steam be now 
introduced at a moderate tenijierature tliis carbon reacts 
with it to form hydrogen and carbon dioxide. These re¬ 
actions take ]ilare simultaneously wlieii mixtures of carbon 
monoxide and steam, or of hydrocarbons and steam, arc 
passed tlu'ough the a])paratus, the ultimate products in each 
case being hydrogen and carbon dioxide. The. catalyst is 
prepared by saturating pieces of piiniice stone with a .solu¬ 
tion of the chloride of nickel or ol cobalt, drying, and reducing 
with hydrogen. 

As examples of more recent patents the following may 
be quoted. Water gas mixed with steam is jiassed at a tem¬ 
perature exceeding 400 you over a catalysl siieli as oxide 
of iron, and the carbon dioxide j>iodiiced is removed by 
means of lime.' Carbon monoxide and steam are cattsi'd to 
interact at goo'-boo , itnder a pressure of Iroru 4 to 40 
atmospheres, in tin- pivseiicc of a I'ulalyst, .such as iron, 
nickel, or the like, the carbon dioxide produced being removed 
by absorjition.^ In a inodilic.'tiou^ of this process, oxygen 
or air is par.sed into the contact chamber ii addition to the 
caioon monoxide and ste.ini. Tiw oxygen eombiiies with 
part of the hyilrogen. aial the cornluistinii generates sufh- 
rient heat to raider the j rorrss eoidinuoiis, whilst the steam 
which is formed takes js-rt in the reaetion and serves to 
reduce the qcintity needed from an external source. Accord¬ 
ing to ..iiother patent,* water g-as or other gas containing 
carbon monoxide is passed with an excess of steam over 
heated finely divided ini'tals of the iroii gi'oup, especially 
iron, cobalt, or nickel, m tlieii oxides. I'lie catalyst is best 
prepared by thf addition of apiiropiiate diluents or binding 
•agerds, organic or inorganic, which may be such as to give 

' I'r ’’ !’■ .20770 (191.;]. 

* lliJ 2711; (19.'2). * Ju. f' 459gi,S. 
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off gas on heating so as to increase the porosity. For example, 
dry precipitated ferrous carlionate may be made into a plastic 
mass with lime, wafer, caustic ])otash and ferric nitrate, 
and the mixture dried and heati-d to 500'. A ir.'action 
temperature of })referably not over 6oo' is maintained by 
adjusting the temperature of the, gases before they enter the 
contact chamber. In a First Addition (igi |) to tliis patent 
'it is claimed that contact masses com[)osed of metals or 
oxides of metals other than iron, cobalt and nickel may be 
used, together with ''activating” substances cvinsisting of 
compounds of metals dittedng greatly in cheniu al jirojicr- 
tics, such as basicity, stability, etc., from the metal used as 
catalyst. It is also claimed ‘ that when contact mas.-,es are 
used containing such activating suhst.mces. especially the 
oxygen comiKiiiiids of chron,ium, thorium, uranium, glud- 
num, antimony, and file like, th" reailiou is piacliially 
quantital'.ve at a relatively low temperature : tlie contact 
mass should not he heated aliove boo during (ireparation 
or use. Small quantitits ot carbon monoxide iiiay be 
readily removed Irom gasecus mixtures with the ..id of the 
contact masses described. 'I'be use of a catalyst coiisistiiig 
of sjxitliic iron ore or hydroxide iron ores has also been 
protected : tlie contact ma.ss may be made into lumps by 
memis of alninimu.n iuxlroxidc or other biiidiii!; agent, and 
must IKS be lieated above (150 , either during tile leaetioii 
or beforehand.- 

In the mannfacfiire of hydrogen by tlie intciMCtiun of 
ste.ini and carbon monoxide or gases containing it, lliere is 
a risk that inetli.ane may be formed when nickel is used as 
the catalyst. In older to obviate this risk, whilst at the 
same time retaining satisfactory activity of the catah'st, 
it has been projiosed ^ to use a contact mass containing in 
addition to nickel or its oxides a preponderating cjuantity 
of iron or its oxides. 

Recently it has been claimed^ that a maximum }’ield of 
hydrogen can be obtained by passing steam and carbon 

' T). R. P. 279 _-;S 2 . 'Png P. iCig).) {n)i i)- 

“ D. R. P aSiii.jy. ‘ Hnij. P. O477 (I'JM). 
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monoxide over caialysts consisting of or containing metallic 
couples. A suitable iron-copper couple may be made by 
heating iron oxide wilh sodium carbonate, washing the i)ro- 
duct with water in order to remove the caustic alkali which 
is formed, reducing the iron oxide with hydrogen, cooling, 
moistening the reduction product with copper nitrate solu¬ 
tion and then heating it in a current of h^'drogen. Carbon 
monoxide mixed with an excess of steam is passed over the 
resulting couple, which is heated to a temperature of 500”. 
A silver-iron couple is also said to be very effective. A 
related jiatent 1 covere the use of a catalyst containing a 
“li.xivaatcd alkali ferrite,” prepared, for example, by roast¬ 
ing a mixture of sodium carbonate and burnt )iyri1es at 
about 1000', ,and h.xiviating with hot water in order to 
recover the gn-ater part of the caustic alkali formed. 

In certain other jiateiiled processes.” the interaction of 
steam and carbon monoxide is effected through the catalytic 
action of heated lime or of a mixture of lime with other 
materials (c. g. 5 per cent, of iron powder), with the advantage 
that till carbon dioxiile is fi.xcd as it is pioduced ; 


ILO -i CO -I- CaO = H., + CaCO,. 


The elimination of the carbon dioxide is said to be very 
complete. Modifications^ of th( original process cover the 
lu-c of pre.isure and the emplo3'ment of c rbon, in the form 
ui lignite or of wood char.oal, along with alkali or alkaline 
earth oxides or hvdroMdes It is stated that with lime a 
temperanirc of iiorn 6o() to xoo' i.s required, but that 
baryta or alkalis ma c be uscJ at a lower temperature, 
and that if the process is conducted on similar lines to the 
manuf.irturc of w'atcr gas, but with the cmplotTnont of a 
mixture of lime and charcoal, almosi pure hydrogen is 
obtained by working with steam at a pressure of 10 atmo¬ 
spheres. A very similar process is described in a later 
patent.^ A mxture of a gas containing carbon monoxide, 
but free from nitrogen, with steam in the proportion of 


* E. g J’ 6^7') (1014). 
» U K. P .184816. 


® Ibid 13040 (1912). 
* U.S. P. 1173417. 
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I volume of the monoxide to 4-5 volumes of steam is 
passed over a mixture of caustic lime and a catalyst at a 
temperatuic of from 500 to 550 '. The cafal3*st, c. i;. a 
metallic oxide, forms 5 per cent, of the mixture and the 
gases and the heated mass come into contact on the counter- 
current principle. Under these conditions the carbon mon¬ 
oxide is converted into the dioxide and forms calcium 
carbonate.; the hydrogen is collected and dried. 

In .still another process ‘ a mixture of “hydrocarbons” 
and steam is employed. The mixed gases are pa.ssed over 
an inactive refractory oxide, such as magnesia, which is 
covered with a catalyst, r. g. nickel or nickel oxide, and heated 
to a temperature of from 800' to 1000 . The resulting 
gaseous mixture is frei d from carbon monoxide and carbon 
dioxide, Icaviii.g substantially pure hydrogen. 

."Vn entirely dilleruit mithod tor the [iroduction of 
hydrogen is f.icilitatcd by the catah'tic action of various 
substances, although not dependent upon it. Some chemical 
reactions can be i>roinuied liy tile aj)])lication of high pres- 
sur(>, whereby it is possible to retain one, or more of the 
reacting substances in the liquid state from the boiling 
point to the critical point, and so to utilize the ph3’sical 
properties of liquids at high tempi'ratures and to cause 
rcacti.iiis to take pl.iec which cannot be carried out at low 
temperai..ros. Moreover, the projierties of a lieiuid may 
undergo remarkable changes between the boiling point and 
the critical ])oint; thus accoiding tc- Noyes the electrolytic 
dissociation of water increases lictweeii these points nearly 
two thousandfold. This suggests that water at high tem¬ 
peratures, provided that it is kept in the liquid state, should 
act as a fairly strong acid or base, and in the presence of a 
suitable metal should enter into reaction with evolution of 
hydrogen. Guided by these ideas Bergiiis- has worked 
out a method for producing hydrogen by the action of liquid 
water, heated above its boiling point, on iron in a closed 

’ Fr P, 463114. 

I' J. Soc. C/itac. Ind., 1913, 32 , 46.>, P. K. P. 254593, k). R- Ik 
286961. 
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vcsH'l aiiiabk of withstanding hi"li pressures. The reaction 
is carried on at a temperatiiie of from too ' to j-|o'', and takes 
place quantitatively: ql'V + 4H./J - 4U..-f-]''c304. The 
speed of the reaction incix'ases with increase of tempera¬ 
ture, and is also altieled favouralily by the presence of 
small quantities of such substanees as sodium chloride, 
feirous chloride, etc., or of a metal such as copper, wdiich 
act as catalj'sts. I'his is shown clcaily by the followinjt 
ligures. — 


Iron and fiiiri.' W'ater 

leiniH'iatuR* 

■ 3'>t^ 

Ouantily of 
liyiln 
por iiour 
2 J 0 C.C. 

Iron and pure water -f- Fe* . 

. ;oo' 

1 J()0 C.C. 

Iron and jniie water i-'i t'l_. 

: ^ 

c.(. 

Iron and pure waiter ■ k'et 

Tu. qqo 



Within the liimls jiracticaily ait uiiaiik, the speed of the 
reaction is staled to be so yuat that in a cessel ol 10 gallons 
capacity about .;ooci i ub, ft. of hy<lrot;<’n per day may bi' 
generated. I he f;as ojitaiiud ii extremely pure, because the 
carbon :ind snlphiii coiiqjouraL m the non are praelKally 
not attacked by the liquid w,il( r. the hydroqeii is obi.lined 
under l'.ij.;h pressure inp to ,;oo atmospheres) aiul may be 
directly tilled iiib> c.'.lirideis wnhoui jirevious comjires.sion. 

Mill another iiu thod d- peiids upon t'ue reaction between 
steam and heated ciobon, v.hi'.h under eertam conditions 
resiills ill the loro., moil of 'U.qen and carbon dioxide: 
aHjO-f d -ail.^-; t'.t'.. This call b( i Ihcied Miy caiisin!; 
liquid w.der at a liieii bij.j.eratiiiv io act on carbon in 
piesence ol a edab'-t solull' 111 w.itcr. For example, 
100 hiii,!- of coke and j.oit lalws of water contaiiiirig in solu¬ 
tion I kilo of Ihallium ehlondi eie jJaced m a strong iron 
Vessel provided with a vah’e, and the vessel is heated to a 
temperature of 3O0 . Ihe mixture of hydrogen and carbon 
dioxide which collects in the njijicr jiart of ihe vessel is blown 
off at Intel vals ol half an hour and the carbon dioxide is 


‘ D. R 



CHLORINE 


21 


absorbed by lime. Under Ibe conditions described a daily- 
production of 5 cub. metres of liydrogen is possil)lc. 

Hydrogen produced by the interaction of steam and 
carbon monoxide invariably contains small qiianlitics of the 
latter compound, which is a specilic jioison for certain 
catalysts and must co!ise(|uentiy be removed. This may lx; 
elfccted by treatnu-nt with calcium carbide or by coinjires- 
sioii on to heated sod.i-liiue ; for the removal of traces of 
carbon monoxide it is alsi, reconimended tliat the hydrogen 
should b(' brought into corilact with '.'ilut.ons of caustic 
alkalis at high tenipera.ttires and pressures; c. g, hydrogen 
cont,lining i per cent, of carlxm monoxide c;m be treated 
with 8o )>er cent sodium iiydpixhli' at iOo and 50 atmo¬ 
spheres picssure, or with uy pii ('Tt s(,diinn hydroxide at 
2 ^0" under a jiressure of 200 atiiiosphi res.’ 

Cui oniN'K 

It is possible to oxidi.’e liydox liloiic arid diret tl\' b\' means 
of oxygen: but the two gases interact so slow’lv even when 
heated, that 111 order to ni.ike the u-aetion avaihible for the 
irreparation of i liloriiie its vehicily must Is increased through 
the i.illueive of a cat.dyst I'dr tins purjiose copper salts 
h.'vc proved m.’st suitable, altlioiigh other substances are 
capafiV' of producing a similar catalytic l•l].■ct, When a 
nnxtni'e of hydroelilorir acid and air is passed over heated 
cuprous chloride, the following change takes place.— 

.{llCl -!- 02 „: 2 n, r 2 tL(). 

Upon this reaction the well-known Ucacon process is based. 

As indicated in the ('(juation, tin- reaction is reversible, 
and at the most favourable working tenipciature the oxida¬ 
tion of the, hydrochloric tieid is 1)\' no means eonqilete: any 
unchanged acid is, however, easily tecoven d and used a.gain. 
The action ot the catalyst is supposed to take jilace in stages : 
first an oxvdilondi' of copper is formed, tins in turn reacts 
with the hydrochloric and to form cupric chloride and 
water, and finally the cupric chloride is decomposed at the 
’ Fr. V. 439202. 
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temperature of the apparatus into cuprous chloride and 
chlorine ;— 

(i) 4Curi -f O 2 =2Cu./)Cl2; 

(z) 2Cu.,0('U + 4IICI 44ruCL4. 2HX); 

(j) 4Cn(l2-4CUCH-2CI2. 

The reaction between hydrochloric arid and oxygen is 
exothermic (2fl('l f ”*^lj + HjO f 14700 cal.) and 
therefore whilst at moderate tempcniturcs the reaction 
proceeds from left to right, increase of temperature tends to 
promote the reverse reaction. 'I'hus it has been shown that 
when the ordinary mi.xturc of hydrorhloric acid and air is 
used, at 440' from 75 to So per ^ent. of the acid is oxidizeil, 
whereas at 577" rather I'-ss than 50 per ci'iit. is transformed 
into chlorine. Consequently, the lower tlie temperature the 
giealer the quantity of h\droclilori(: acid cixidized. The 
ti'injierature, however, cannot be retluced below a certain 
point because otherwise the reaction would become ex¬ 
tremely slow, even in presence of a catalyst, and it is not 
practical to carry out tin process at tein|)eratures below 
40o'-43o"', At 450 ' equilibrium is more rapidly attained, 
but the yield of chlorine is diminished, and moreover at 
temperatures much above 400 appicciable qii.mtities of ttie 
catalyst arc lost through vol.itili/ation. 

in the original form of the Deacon ;),ocess the hydro¬ 
chloric. acid, mixed with air, w.is Imi direetlv from the salt- 
cake furnace into the contact aoiuritus. J'hc hvdrochloric 
acid was thus ajh to be ecntamiintei! with sulpJiuric acid, 
ferric chloride and arsenu, the catalvst was very soon spoiled 
by these impuriiies, and const qiicntly the yield of chlorine 
rapidly diminished. The process did not become successful 
until it was realized that in order to pre.'ent rapid dederiora- 
tion of the catalyst the hydiochlonr acid must be freed 
from impurities. The first method which was adopted with 
this end in view is as follows : 1 he pas coming from the 
salt-cake furnace is absorbed in water, and from the concen¬ 
trated solution oi hydrochloric acid thus obtained a regular 
stream of the pure gas is liberated by allowing concentrated 
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sulphuric acid to flow in, finishing up by blowing in air. 
The hydrochloric acid mixed with the proper amount of air 
is then passed into the contact chamber, whilst the dilute 
sulphuric acid is concentrated for use over again. More 
recently the process has been restored to its original sim¬ 
plicity by obtaining from mechanical salt-cake furnaces a 
mixture of hydrochlonc acid and air containing about 
30 per cent, by volume of the acid, which is freed from dust 
and sulphuric acid by passing it through a senes of water- 
cooled condensers, and then heated to 220 and directly 
passed into the contact apparatus where, owing to the heat 
evolved in the reaction, a temperature of 400 -450 ' prevails. 

The yield of chlorine depenrLs greatly on the projiortions 
in which hydrochloric and and aii arc present m the mixture 
of gases, and on the velocity of the current of the gases. 
The best results are obtained whori the mixture contains not 
more than 20 per cent, of hydrochloric acid. The mixture 
of gases tinallv jiroduced contains only from 8 to 12 per cent, 
of chlorini', but isiiuite .-.uitable for making bleaching powder 
in the special ajiparatus designed for the piirpor.’'. 

Another catalytic process lor the manufacture of chlorine, 
and -imultaneoubly of sodium sulphate, consists in passing 
.'. mixture of dr\' sulphur dioxide and aii over heated sodium 
chlcTide, winch is mixed with clay in order lo prevent 
fusion .ind wdth a catalyst, such as ferric o.xide or cupric 
oxide, which ]iromotcs the reaction :— 

4 NaCl 4 - 2SOj -f 0 , = aNajSOj -f 2CI2. 

Hargreaves and Robinson ’ were apparently the first to 
observe that this reaction could be effected in presence of 
a small quantity of a catal3cst. They suggest as a suitable 
proportion i lb. of Cu, in the form of a copper salt, per ton 
of sodium chloride, and claim the use of cojiper, manganese, 
and chromium, and the salts of those metals, as catalysts. 

Conroy “ has found that salt is decomposed by a mixture 
of sulphur dioxide and air to yield sodium sulphate and 
chlorine at a temperature below 600°, but that in absence 

1 Eng. P. 828 (1873). * 7. Soc. Chem. Ind , iyo2, 21 , 302. 
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of .1 catalyst llic reaction is very slow. With the addition 
of 0-25 per cent, of copiJ(',r to the salt, reaction begins at 
400 ', and becomes more rapid with rise of tcrn]MTature, 
the velocity at boo" being about 50 per cent, greater than at 
450'. Increase of the percentage oi copper also increases 
the rati' of reaction: about 0-5 jicr cent, of iron has much 
the same ett'ect as half that quantity of copper. Witll a 
suitable .speed of the current of gas all the sulphur dioxide 
is retained by the salt whilst its equivalent of chlorine is 
liberated: at higher speeds both suliiliur dio.xidc and 
chlorine I'scape It w'as found that the conversion of the 
chloride into the sulphate of sodiuni could be made com¬ 
plete. In this leaction the probable effect of the catalyst 
IS to induce the combination of the sulphur dioxide with 
o.xygen . the sulphur tnoxide thus iiroduced will react w'ith 
the salt, in pn^eiice of e.xcess of oxygen, to foim sodium 
sulphate. 

recent paient ‘ describes a eontinuous process for the 
pre[)aration oi ctdorine and sodium sulphate from common 
salt. A niixtiive of tie- latti r with a catalyst, for example 
h.rric oxide, is siibjected to the aetion of sulphur dioxide 
and oxygen at a tiinperatiue of about 600' in a horinontal 
cylindrical rotary chamber 


Hvimi I iijoKK Aciri 

l,arge quanlite- of botli ludrogen and chlorine arc 
liberated in electrolv+ic alkali woiks, and various proposals 
have been made for tie- production ot hydrochloric acid from 
these clenicir's. (')ne at least of these processes ^ claims the 
use of a catal\si, in iliis case charcoal. It is stated that 
combination of iiydrogen and chlorine t.i form hydrochloric 
acid is brought about continuously, quietly, and without 
ilangi.r bypassing a mixture of the gases in molecular propor¬ 
tions over co.ijselv pi'lvori/.ed charcoal, the temperature 
being regulated by means of a water-bath. 

' t h I'. 1255020. » Eng P. 1851 (lyoo). 



HYPOCHLORITES—GliAPHlTE 


25 


Hypochiorites and Chlorates 

Hj'pochloritcs and chlorates of the alkali metals are now 
prepared by electrolysis of aqueous solutions of the corre¬ 
sponding; alkali chloride, one salt or tlu' other being obtained 
according to the conditions under which the process is 
carried out. la each case the addition 10 the solution of a 
small quantity of ])otassiiiin chromate, about i gr. per litre, 
which prevents cathodic rediufion of the ])roduct, jiroduces 
a marked increase in the \ie|d. For erc.unple, with a neutral 
30 per rent, solution of sodium chloride the yield of active 
o.'cygen (from the lu'pochlorite) was only per cent., 
the reduction being 5^-5 per cent., with addition of o-iS 
per cent of K.^CrO,, to the soluiion these figures became 
(>C)-f> per cent, and ,;-f) per cent, respi c lively. 

The eftu.'l of the catalyst is to he ascribed to a partial 
reduction of the ehiornate and the formation of a thin 
clejiosit (>f ehroniiuiii ciironiate round the cathode, which 
prevents contai *■ of the bulk of the liipiid with the cathode 
and thus with nascent hydiogen. 

Other catalysts than potassium chromate have been 
recoinmeiuh'd, among those being vanadium salts, sodium 
c-sinate, and o riain oiganic siiljihur (ompotmds in presence 
of tab Him salts.' 

The addition of a chromate is eipially effective, in the elec¬ 
trolytic preparation of bromates and iodalcs, and enables a 
current efficiency ot over 90 jier cent, to be obtained. 

Graphite 

The production of graphite from coke or anthracite on the 
manufacturing scale was successfully worked out by Acheson,* 
to whom the possibility of the jirocess was suggested by his 
previous work on carborundum (CSi). When a mixture of 
sand and coke is heated to a high temperature in an electric 
furnace, the carboriindiini [Toduced is found to be sur¬ 
rounded by a certain quantity of graphite. Investigation 

* D. It. P 14137-1, 205087 ” U.S. P. 568523. 
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showed that this graphite had been produced by decomposi¬ 
tion of some of the carborundum, and that the conversion 
of amorphous carbon into graphite does not require the 
presence of sufliciont silica to combine with all the carbon, 
but that a far smaller quantity is effective. Moreover, other 
oxides than silica, for example, ferric oxide, aluminium 
oxide, and Ix'ric oxide, are also active to varying degrees in 
bringing about the transformation : within certain limits 
the greater the (juantiiv of oxide present the lower the 
temperature at which the reaction begins. 

The action of these oxides is undoubtedly catalytic, and 
the most probable explanation of their mode of action is to 
be found in the assuiujition that carbides are formed as 
intermediate products. When, at the high temperature of 
the furnace, the I'xide has been nduced by the carbon the 
liberated metal forms a carbide, vliieh subse(|uently deconv 
poses, giving graphite. Hie metal then combines with more 
of the amorphous c.irbon, and the process eontinues until 
all the carbon jiresent has been converteil into grajJute, 
when the metal volatilizes away. This explanation is sup¬ 
ported by the fact that after all the amorphous carbon has 
been converted into graphiti' the charge can be almost 
compb-tely freed from impurities by furtlii r heating. 

tirapliitc is produced by this jiroeess either in the form 
of powder or as hnisiied aitides such .a.i lamp carbons, 
electrodes, crucibles, etc. In making the liir st qualities of 
lubricating graiilute the raw material used is petroleum 
coke, which is mixed wirh from i to 2 pe: cent, of ferric 
oxide as catalyst Lower (jualities are made from anthracite 
ground to siciall particles. in this ca'-e the silica, alumina, 
and fcirii. oxide naturally present in the anthracite are 
sufficient in c[uantily to catalyse the reaction. For the 
preparation of graphite articles such as electrodes, finely 
jxiw'derod petroleum coke is used, which is conqiressod and 
moulded with ihe aid of some tar or pitch, the requisite 
(juantity of a suitable oxide being added as catalyst. When 
placed in the furnace the objects arc surrounded and separ¬ 
ated from each other by layers of granulated coke, which 
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ensures the gradual and regular heating which is necessary 
in order that the gases may escape from the interior of the 
articles without damaging them. 

The furnace used has permanent end walls and arrange¬ 
ment of electrodes, a shallow bed of lire-brick, and movable 
side walls of carborundum bricks. A layer of carborundum 
is ])laced on the Ix'd to protect it from fusion, then the 
charge is filled in to the lower edge of the electrodes, then a 
conducting core of graphite, and finally more charge is 
heaped aiound and above the core, and the whole covered 
with a layer of siloxieon, a very refractory greyish-green 
p<)wd(‘r alwaj’s obtained in the manufacture of carborundum. 
The duration of a run is 20-i.i- hours, and during this period 
a 1000 H.F. furnace will convert po per cent, of a six-tou 
charge into grajihitc. 

I'or making graphite electroch s and rods another method 
has also been used riii’ moulded article, to which boric 
(.ixidc has been added as catalyst, is drawn liy rollers through 
a horizontal arc passing between carbon electrodes in a 
closed chamber tilled with an indifferent gas. This treat¬ 
ment graphitizes the articles sufticientlv for some purposes. 

('AKH0\ ll-TR.ti. HLOEIDE. 

At the ordinary femperatuic chlorine has little or no action 
on carbon disuljilude, but it the latter contains a catal3’st, 
or “ chlorine carrier,” such as iotliiie, aiitmiony picniachloridc, 
etc., a rapid reaction occurs which results in the formation 
of carbon tetrachloride and suliihiir monodiloiide 

CS, + jCl, = CCI4 ri SXlj. 

Dry chlorine is passed into carbon disulphide containing 
from 2 to 12 per cent, of iodine in solution; when the re¬ 
action is completed the products can be separati d from each 
other by fractional distillation or by other known methods. 
Bromine or pcntachloride of antimony may replace the 
iodine, but arc said to be Ic efficacious.' 

The sulphur monochlonde produced in this reaction can 
* Eng, P. iSygo (i88g). 
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be caused to react with carbon disulphide in presence of a 
catalyst with formation of carbon tetrachloride and sul])hur : 
CSj + -•= CCI4 1 6S. The catalyst employed is a 

metal or metallic halide, preferably iron or ferric chloride. 
Excess of the chloride of sulphur is used, beeaiise thi'ii the 
reaction is rendered less violent and the yield is improved. 
The mixture of carbon disulphide and sulphur luonochloride, 
with addiijon of the catalyst, is heated to about 6o“, at 
which tcm}x:rature ihe reaction begins, and when it is com¬ 
pleted the liquid is heated to hoiliny !■ r a short time. On 
cooling the suljihiu sejiar.ites in crystals ; the liquid is frac¬ 
tionally distilled in order to separate the carbon tetrachloride 
from the e.xecss of (hloride of sulphur, and the crude 
tetrachlonde is purified.' 

Carbon telrachlcnde can also be i lepaied Irom earbonvl 
chloride by passing the latter g.is through a senes of towers 
containing a substance su'h .r, ; oke, boiie charcoal or 
jmmice, which bv lont.ici .ntiou induce the decomjiosition 
of the carbonyl chloride into carbon dioxide and caibon 
tetrachloride ' A Ot'l„ = (dr, ( ( 1 The latter compound 
is condensed in a worm cnoi< jiy watei ^ 


(',.\RBO\'Vr CllLOi;]|il'. 

fdtrbon monoxide and chlonne unite ii iorm carbonyl 
chloiide (Ct.) -f bh (h.K. 1,^) wle n inixtuie of flu; gases, 
containing preferably a slight eictessof cliioimi , is exposed 
to sunlight blit tile 1 oinli,nation < an be causi d to take jilace 
even in the dark by ]>asiiug a mixture of equal volumes of 
the gases thn ugh .i tube containing heaud animal charcoal, 
which ai Is as a catalyst. 


Re.movaj. or C vPBO.N Disiupiiidk from ('‘o.m. ('i.as 

The sulphur cruTipoiinds whirl) still {lersist in coal gas after 
removal of the sulpiuiretled hydrogen consist mainly of 
carbon disu!|)hidc, tin firoiKirtion by volume of this impurity 
’ Eng. P. lyOal (189^). * It S 1 ’. 808100. 
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iicing about 0-02 per cent, of the gas. In view of the very 
large quanlities of gas to be dealt with in largo works and of 
the very small concentration of the carbon disnlfihide in the 
gas, a reaction of high veloi ity should be tised for its elimina¬ 
tion. It is Well known that if coal gas be heated to about 
500'' most of the suljdmr comj oumls an converted into 
suli>hnrette(l hvdrog('n, the carbon dr.mlplude reacting with 
the hydrogen in the gas (o form hydingeu sulphide and 
carbon; 4 -2VI, --^ll-.s In piesence of suitable 

catalysts the velociiy of the n-actiou is gn.atly accelerated; 
moreover, nndi'r su( li ( onddioiis the reaclioii is not reversible 
and the decomposition of the carbon d'siilpliide is complete. 

From Tpob oiiw.uds unmerous cxj>i nmeiits were con¬ 
ducted. under ( arpeiiter's dm ction.‘ on the relative efficiency 
of dillcreut catal\sls midei various ('(inditions, and, for 
work on the large scide, nicki ! in a line state of division 
was loiind to be the iiiosi s.ilisl.iclory. The .udivity of the 
catalyst wa-, soon liestrovcd owing to deposition of carbon 
on its snif.Lce, but the carhoii could easily be removed 
and the nickel regenerated hy hi atmg in a eui cut of air. 
In order to permit ot the use of a relatively small contact 
lurface and at the same timi to dlect the reaction with high 
velocity, it w.is loiiiui desii.dile that tlu temperature of the 
calah. st should be as high as eonld be employ. d without 
consequent JeterioratKm ol the qu.diiy of the gas, as regards 
(vdoriiie and illuniinating value, and ot the durahilily of 
the coidamer. .A. large number of i xpeumciits showed that 
the most siiitabk' temperature was .^50 -500 '; an essential 
feature of the process is the jircheating of the gas licfore it 
enters tlie lubes containing the catalyst, otherwise such a 
furnace temperature is required to maintain the catalyst at 
the requisite teiniieratuie that tlio tubes are speedily de¬ 
stroyed. In order to prevent the intense local Imating which 
occurs during aeration of the catalyst for removal of the, 
carbon when the metal is used alone, the contact mass is 
made of a highly porous iin'clay imjnegiiated with nickel 

* Carpenter, ]. Gat. Lighting, I9M. 128 , 92S; Icvaiis, J. Sue. Chem. 
Ind., 1915, 34 , 9. 
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reduced from tlie chloride. Tlic presence of sulphuretted 
hydrogen decreases the elliciency of the catalyst, hence the 
process cannot be advantageously api)hed to crude gas. 

The plant now installed at East tlreenwich Gas W orks 
consists of five units, each callable of deahng with three 
million cubic teet of gas per day. Each unit has a producer 
and a combustion chamber, on each side of which are ht'at- 
ing chambers which contain the reaction tubes. The gas, 
freed from sulphuretted hytlrogen, Hows into the heat 
interchangers, which are filled with three-inch steel tubes, 
and then in parallel currents through the reaction tubes. 
After passing over the catalyst the hot gas flows through the, 
heat interchan,gers in a contrary direction to the incoming 
gas, to w'liich it gives up a large proportion ol its heat, and 
finally through the sccoinlarv puritication vessels for removal 
of the sulphuretted hydrogen. The gas is prehcaied to 
about 400 , and the reaction takes pl.rce at .].v> • When a 
particular unit is .shut down for the piiq'ose of burning olt 
the carbon which is defiosited on the nickel, the co,al gas 
contained jii it is di.splaced by ehimney gas. and tiieii air in 
regulated quantities i.s driven through by a fan. When 
the combustion of the carbon is comjjlete the residual air 
IS in turn swejit out by chimney gas, and (he plant is then 
again ready for u.se. The total weight of nii.ktl in this plant 
is i'-;2i lb. 

Gnllet ^ has proposed another jiioress for ihi; purification 
of gas by heat wliidi is iiased iijion tlie reaction whicfi takes 
place between carbon disulphide and sleam, in presence of 
oxide of iron, with the formation of carbon dioxide and 
sulphuretted eydiogen . C% -TI./) = C.Ojj -j- glES. 

This real tion is hardly perceptible at the ordinary tem¬ 
perature and in absence of the catalyst, but in its presence 
even at as low a temiXTature as i jo ‘ more than 67 jrcr cent, 
of the carbon disulphide contained in the gas is said to be 
converted into sulphuretted hydrogen. I'or the. reaction to 
be complete it is necessary that the sulphuretted hydrogen 
produced be continually absorbed, and an admirable material 
’ Soc. Tech. Ue ITip’uslne du Gaz en I-ratice, 1912, 245. 
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for the purpose exists in oxide of iron as used in gas purifiers. 
The crude gas is already saturated with water vapour, and 
all that is nc;cossary is to raise it to a suitable temperature 
and pass it through a purifier containing heated oxide of 
iron. 

Sulphur 

Recovery oj Sulphur from Alkali llhitc.* 

Wien alkali waste is treated with carbon dioxide 
according to Chance’s wi ll-known juocess, a mixture of gases 
consisting chiefly of iiitiogen and containing 25 per cent, 
or less of sulphuretted hydrogen is obtained. Tliis sul- 
jihuretted hydrogen is converted into sulphur by limited 
oxidation by means ol air with thi' aid of a catalyst. The 
ojieration is carried out 111 asjieeial form of kiln (the Claus 
kiln), the mixture of gases being ;)a.ssed through a particular 
form of oxide of iron, or of disul[ilmle of iron produced from 
this in the course of the process, which also has a catalytic 
elfcct; the necessary ti'injjerature is mamtained by the heat 
of reaction. 

It is possible that when the working temperature is reached 
the reaction would proceed equally well whatever the cata¬ 
lytic material used. Thus according to Forbes Carpenter* 
broken brick is stated to be used successfully m jilace of 
oxide of iron if the tenqierature of the kiln be maintained 
high enough, ^\^lethcr that be the case or not, it is certain 
that the catalyst plays an important j>art when a new and 
cold kiln is being started. 

Manganese dio.xide may be used as catalyst in place of 
ferric oxide; it is active at a lower temperature than ferric- 
oxide in effecting the reaction = 2HjjO -f gS), 

and at that lower temperature there is less liabihty to the 
counter action. Forbes Carpenter recommends the use of 
Weldon mud as catalyst, placed as a layer some inches thick 
on the top ol the filling of iron ore usually provided. 

Within the limits of effective reaction the efficiency of 

* Conroy. /. Soc. Chon. Ind., njoz, 21 , 

* Aniiua! Report on Alkali Works (1900). 
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the kiln is dclcnniiied hy tlic temperature of the contact 
niati'rial ratlicr than by the proix)rlions of air and of sul- 
piiurettc'd hydrogen in tlie reacting mixture or by the 
rate of How of the mixture through tlie kiln. With respect 
to the most fa\'ourable conditions for maximum decomposi¬ 
tion of the sulphuretted hydrogen, acc,oin[)anied by the 
highest yield of free suljihur, t'arjienter and Linder * have 
arrived at the following conclusions; (i) 'f'he temperature 
of the catalyst should not fall bidow aoo'; a higher tempera¬ 
ture results in the o.xidation of the sulphur formed to sulphur 
dioxide, especially if excess of air is present, \\'ith man¬ 
ganese dioxide as calaly.st, at tenijicraluxcs below 200 ' 
the reaction is characlen/id bv formation of free sulphur, 
but above 2(.'0 b\' foruiation <d sulphur dioxide: with 

ferric o.xide as catalvst the reactions on the whole are char¬ 
acterized by till' foim.ttion of sulphur dioxide rather than 
of tree suli'hai ' with broken britk the riM'dion on the 
whole is characterized by the large amount of sulphuretted 
hydrogen escaping unoxidized, and by formation of free 
sulphur rather than of sulphur dioxide. (2) The proportion 
by volume of air jireseiit in the rc,action mixture should not 
c.xceed from 3-5 to.) times that of the siilphuri t ted hydrogen. 
(Thcoreticalb', 1 volume of siilpliii'etted hydrogen reiiuires 
2'5 volumes of air for oxidaiion to sulphur.l (3) The rate 
of Ih'w of the reacting rni.xtnre <il gases should not much 
exact o-y-) cub. foot pci niiiuiii jicr sip foot of sup<crficics. 

The rea- tioii in liie Claus kiln is far from complete, a 
state of equilibriuni, vai'diig with the temperature, being 
reached between tlie suljiluiictted hydrogen, sulphur 
dio.xide, oxygan, and steam, brom 15 to 20 per rent, of 
the suiibur may escape from the suljiliur chambers in the 
form of sulphuretted hydrogen and tailphuf dioxide. 

SuLPiiUKic Acid. Tup Cn.x.Miii-.K Process 

Tfie manufacture of sulphunc acid hy the chamber process 
consists essentially in the oxidation of sulpl urous acid, or 


J. Sue. Chon. Ind., 1903, 22 , 457 
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of sulphur dioxide in presence of water, with atmospheric 
oxygen througli the catalytic agency of oxides of nitrogen. 
In the presence of the catalyst the I'eaction procec'ds with gn-at 
rapidity, but othcrwisi' its completion reijuires a long time. 

Tliis imj>ortant manufacturing process has been described 
so often and m such detail that any account of it would be 
superfluous. At the same time attention may be directed 
to the rather remarkable fact that, although this classic 
example of catalysis has been studied by many chemists, 
then' is even yet difference of opinion as to the actual part 
played by the catalyst in ftromoting the oxidation of sul¬ 
phurous acid, it is recognized that the oxides of nitrogen 
act as o.xygen carriers, but the mi'ciianism of the process has 
received several different interpretations. 

One of the oldest explanations is represented by the 
following equations 

(i) + H,0 -HjiSO,: 

(e) H.,S()3 +’nO, H,.sO, -f NO; 

(j) 2.V0 d- 0 . --”*:N 03 ." 

Lunge,' on the other hand, cxjiressed the view that the 
gicater pai t of the sulphuric acid is formeii by two successive 
jeactions, of which the first yields an unstable co.npound, 
n.i.o'^yl sulj'huric acid, which is decomposed by water in 
the seCi.:-'!;— 

(1) 2SO3 4 - n ,0 -t 0 , d- NA =2(N0)HS0,; 

(c) 2 (no)Hso4 -f ILO zn.sOi na- 
Kaschig supjioses that an unstable com])ound, nitroso- 
sulphonic acid, is first formed by the action of sulphur dioxide 
on nitrous acid, and is at once transformed by more nitrous 
acid, with loss of nitric o.xidc, into another unstable com¬ 
pound, nitro.sisulphonic acid, which in turn breaks down 
into sulphuric acid and nitric oxide :— 

(1) HNOj -f- SO2 = (NOlSOjH; 

(2) (NOlSOolL 4- HNO„ -■= (NHISO.H + NO; 

(3) {NH)SO,H =H,SO, + NO. 

' Cl. Divers, J. Soc, Chem. Ind, lyo^, 23 , 1178. 

* ]. Soc. Chon. Ind., 1911, 30 , lOo. 

D 
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Recently Reynolds and Taylor > have come to the conclu¬ 
sion that Raschig’s views are not supported by the results of 
experiment; that it must be regarded as doubtful if nitrosyl- 
sulpliuric acid jdays any important part in the exchanges 
in the chamber, and that the first of the explanations 
just referred to substanti.dly represents the course of the 
reaction. 

A recent patent “ covers what appears to be a valuable 
method of controlling the working of suliihuric acid plant 
in the chamber pro( ess. According to this ]>atent the gas, 
free from oxides of nitrogen, entering the arid-m.iking system, 
and also the gases containing nitrogen oxides at a jiredeter- 
mined point near tlic (ilover tower, where the jH-rcentage of 
suljiluir dioxide is normally more than o-y per cent, by volume, 
are analysed, and by legiiLuing the amounls of sulphur 
dioxide and of oxidis of nitrogen introduced into tlie system, 
the ratio between tlu' percentages of sulphur dio.xide in the 
gases at the two points is maintained at the t'aliie found best 
adapted to a i oinmereially romplele absoriilion of the 
oxides of nitrogen. 

In an account of this system of control ^ I'airlie ixnnts 
ont that the largest single item of e.xpense in operating a 
sulphuric acid chamber ])!ant is nitrate of sod.i, and that the 
most important of the invi-ntions designed to etfeet a saving 
in the (onsnmjition (>[ lliat substance is, of course, the Gay 
Lussac tower, in which ‘ixid, •; of nilrngen escaping from the 
last cliamber are lecocered The efficiency of the tower 
depends largely upon the w.iy tlie process is handled, and 
most of all upop tlie can ful introJaction of just that amount 
of o.'.ides of nitrogen recpiired for llie oxidation of the 
sulpi.i.r dioxide admitted to the chambi r. 

In order to obtain the best resiilt.s in the Gay Lussac tower 
a certain ratio must be luamtained between the percentage 
of sulphur dioxide in the chamber gas' S at some point near 
the front end of the chamber syslem and tlie percentage of 

* J Sn(. (}um htd , 701.1. 31, Y'7 
■’ r S. J'. 1^037.13 

“ J. Loc. them hid, 1917, 36 , 196. 
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sulphur dioxide in the gases from the pyrites burners before 
admixture with nitrous fumes. Wliat the desirable ratio is 
mtist be d( Icrmined for every possible grade of burner gas 
(by an analytical medhod' modified from that of Reich). 
An increase in the ratio above what is desirable indicates the 
need of more nitrate, a decrease is a sign that the quantity 
of nitr.de must be reduced. 

'I'he oxides of nitrogen are recovered most completely 
in the flay Liissac tower when the projiortions of nitric oxide 
and nitric peroxide in tlie gases entering the tower are 
exactly those' requiri'd for the formation of nitrous anhydr¬ 
ide (NO 4 NOa NjOj). .4 small quantity of sulphur 
dioxide is needed in the gases entering the tower, for other¬ 
wise an excess of nitric jicroxide aiiove the quantity required 
to combine with the nitric o.xide will be present, and this 
excess will be lost, since mine peroxide is only slightly 
soluble in the cold 78 per cent, sulphuric acid with which 
1 he lower is charged.^ On the other hand, if there is too much 
sulphur dioxiile in th>‘ gases entering the tower, an excess of 
nitric oxide will be pre.sent, and this also will be largely lost. 
It has b^en demonstrated that the proportions of nitric oxide 
and mtnc peroxide will be eorreef when the percentage of 
c’'lpbnr dioxide in the gases as lliey pass into the Gay 
Lusr, i'- tower IS between o-o7 and o-io in cold weather, and 
between o-og and o-i2 in moderate or warm weather. Care¬ 
less handling of the process at the front of the system will be 
jilainly indicated by testing the gas at the entrance to the 
Gay I.ussac tower. 

This analytical method of controlling the working of the 
chamber systi'iu is claimed to be particularly valuable in 
starting ;'p a set of chambers .after a shut down or in setting 
a new plant in operation for the first time, when it frequently 
happens that a jienod of experimentation, varying in dura¬ 
tion from days to months, elapses before the working of 
the chambers becomes regular. In such cases this method 
of control indicates what is wrong and what remedy must be 
applied. 

* U.S. P. 1205724 . 

“ According to Lunge vrpours of nitrogen peroxide are quickly 
and completely absorbed by yS per cent, sulphuric acid. 
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SoLPHUKic Acin. The Contact Process 

In iSji a process was patcntcil l)y Phillips for the produc¬ 
tion of sulphuric ajihydride fi'om sulphur dioxide and oxygen 
through the catahtir action of platinum. The sulphur 
dioxide mixed with a suitable proportion of air was pumped 
through heated tubes of platinum or of porcelain containing 
platinum wire and spt)nge; the issuing gases were passed 
into large sandstone t('wers, lined with lead and filled with 
pieces of quartz, down which water or dilute, acid tiickled, the 
acid collected at the bottom being pumjied up to the lop of 
the tower to met't fresh (pianlilies of gas. 

From 1875 onwards fuming sul[)huiic acid was manufac¬ 
tured by a catalytic method at Freiberg and in l.oiidon, 
where Squiie and Messel succeeded in placing on a com¬ 
mercial footing a process whi' h they [utented m that year. 
According to this jirocess, sulphur dio.xide and oxygen in 
equivalent proportions were obtained by causing the vapour 
of concentrated siilphunc acid to pass over a highly heated 
surface, when deconijiositioii of the ai'id ensues '— 

alf.M), -2140 -i 2SO2-+-O,. 

The mixture of sulphur dioxide and oxygen, dried by 
pasiage through I'oncentrated suljihuric aeicl, was piassed 
ove, spongy platinimi. either alone or distributed over 
some porous substance, at a low red heat, and the sulphuric 
anhydride prodticei' was cither condensed in a suitable 
apparatus or else absmb' J by concentrated sulphuric acid. 

In this process the reacting substances were used in the 
projxirtions required by the equation jSOj 2SO3, 

and for long the erroneous belief was held that successful 
results could only be olTaiiied by close adherence to these 
proportions, it was not recognized that the reaction is 
reversible, and no application was made of the law of mass 
action, according to which the firoportion of dioxide con¬ 
verted into trioxide of sulphur should be greater the larger 
the excess of oxygen present. Hence, although it gradually 
became evident that highly diluted sulphur dioxide, such as 
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the mixture of gases from pyrites burners, could be used with 
success, patents for the technical production of contact 
sulphuric acid were not taken out until 1898. The ultimate 
success of the process was largdy due to the work of Knietsch 
and his collaborators; the diniculties encountered in its 
technical development are outlined in a lecture given by 
Knietsch to the German Chemical Society,’ from which the 
following summary is mainly derived. 

Preliminary expcriitK'uts with sulphur dioxide largely 
diluted with air proved that its conversion into the trioxide 
was jH'actically comj)lete when platinum was used as the 
catalyst, even great dilution in no way hindering the reac¬ 
tion. Platinum, in the form of jdatimzed asbestos, was the 
most cfi'ectivo of all the catabysts of which trial was made, 
being active even at the low tcmpi'niture of 400''. Further 
experiments were made with the g.'is.’s from pyrites burners, 
led to the laboratory through a lon,g leaden pipe which acted 
as a settler for dust, and further puriried by passage through 
concentrated sulphuric acid, with etjually satisfactory results, 
and moreover the actit'ity of the catalyst remained unim¬ 
paired even afh-r long use. Experiments on the large scale 
v'ere then undertakem, but although the gases fiom the 
Lumers were purified in exactly tlie same way, and in addi¬ 
tion v-m passed through dry coke and asbe^to:, filters, yet 
the activity of the eataly.st gradually diminished to zero. 
Investigation proved that certain substances, especially 
arsenic, exercise a poisonous elic-et on jilatimim, even very 
small amounts sufficing to destroy its catalytic activity, 
and arsenic was found in the white cloud of sulphuric acid 
which is always present in the gasc's even after the purifying 
treatment described. The necessity for thorough purifica¬ 
tion of the gases was thus established, but to effect this 
proved to be one of the most diflieiilt problems in the develop¬ 
ment of the process; to achieve success the most thorough 
and intimate mixture of the gases with w-atcr or with sul¬ 
phuric acid is necessary, and must be continued until optical 
as well as chemical [lurity is reached. The gases should be 
^ Bcr., 19(' T, 34 , 40O9; y. Sol. Chem. hid , 1902, 21 , ^72. 
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slowly cook'd, ollicnvise the sulphuric acid cloud is much 
more difficult to remove by the subsequent treatment. At 
lust long iron pipes were used for this j)urpose, but in spite 
of the purity of the gases slow but sure deterioration of the 
catalyst occum'd; this effect was finrdly traced to th(' pres- 
cnci' of arsenic in a gaseous form, proceeding without doubt 
from the action of the acid on the iron, since when contact 
between them was prevented this deterioration was no 
longer obser\'ed. When the pyrites burners were being 
worked haul a cloud of sulphur containing arsenic often 
appeared, which resi-,ted all attempts to remove it and which 
seriously affected the catalvsf. The formation of tl'iis cloud 
was finally prevented by fdowing m steam so as to effect 
thorough admixture of the not gases, with conseijiient com¬ 
plete combustion '.t the sn]}>]mr Si veral collateral e.dvan- 
tages followed; the and piesent w.is diluted and condensed 
so that it did not leai h the iron or le.id (up' s, and the forma¬ 
tion of hard crusts of flue dust m the jiipes was very much 
reduced. 

It was known that the coinliin.'tiou of sulphur dioxide 
with oxygen is exothermic (S(), -t O -- SO, - 22600 cal.), 
yet originalh' this fact rectived little attention, and the 
earUer forms of contact apparatus wt:re so arianged as to 
be raised to a red heat and m;untained at ,'iat temperature 
by cxterniillieatin.g. whereas, in f.ict, the reui tion once started, 
cooling instead of hoatin-; is necessary. I'ligress has been 
made in tins direction so as eithei lo u-e the pnniied ga.scs 
from the burners for loi'ling jnirfioses and finis to heat 
them directly. or io utili/e the heat of the gases coming from 
the comact chamber. In tin sc circumstances tlie reaction 
is almost quantitative at the almiisphenc jircssure; no com¬ 
pression of the gas( s is necessary, as was thought lo be the 
ca.se ill the early days. 

The packing of the iilatinized in,hi stos is a matfer of some 
importance. It 1 mst not he so loose that the gases can 
fiass througlr w'ithout contact, nor so clov' ,is to offer groat 
resistance to the [lassage of the gases. A suitable arrange¬ 
ment is th.at of layers of asbestos on perforated plates kept 
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at a little distance from each other; in this way all the 
tubi'S of the ap]>aratiis ran be similarly and evenly packed. 

For the absorption of tlu- sulplmric anhydride produced 
oil of vitriol containinf( ((/-pS per cent, of sulplmric acid is 
much more effective than cither wafer or sul])huric acid 
of any other strength. In ]rractu'e a single absorption vessel 
is sufficient for even a ra[)jd enrrent of gas provided that the 
strength of the absorliing acid be ki'pt uniform by the regu¬ 
lated addition of water. At this particular concentration 
of sulphuric acid the boding point is at the maximum, and 
the vapour pressure at the miniinuin; tlu' s])e< ific gravity 
is also at the iiiaximum. and the electric resistance suddenly 
begins to rise at this jioint towards a maximum vvith loo 
per cent, acid : moreover, the action on iron is considerably 
less than with other concentrations. 

When fuming sulphuric a< id h .o be made, more than one 
absorbing vesst'l may be needtal. (ast iron is unsuitable 
for such vi '■els. not because it is readily attacked, but be¬ 
cause it is li.ibh to fracture or explode, d'his apjiears to 
arise, from slow difiiision of the fuming acid into the iron, 
with conseipa nt gradual evolution of sulgihur thoxide and 
sulphuretted hydiogen, thus causing a state of internal 
. *-ess Wrong'd uoii is attacked lit' fuming acid containing 
less ''lan 2/ ]>ei C'. ut of sul[ihuric anhydrid-'. biU when the 
conlenl of anhydride I'.xcceds this the acid has practically 
no action, and vessels of w'roiight iron may be used for years 
W'ltliout .sensible corrosion. 

In the n action between sulphur dioxide and oxygen, of 
course, the law of mass action holds, so that the complete 
convi rsion of the suljilmr dio.xide into suliiliiiric anhydride 
is impossible with the reacting gases mixed in the exact 
theoretical pro]>ortion; this can only lie effected by having 
an excess of oxygen present. If ehaiiiber gases are used 
(containing, say, 7 volumes of suliilnir dioxide, 10 volumes 
of oxygen, and 8,; volumes of nitiogen) the nitrogen is 
without influence except thm it ai'lects the velocity of the 
reaction. The limit of the. reaction is dependent solidy upon 
the temperature, and not upon the nature of the catalyst. 
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At temperatures below 200° there is no reaction, whilst at 
Qoo'-iooo' sulfihuric anhydride is dissociated into sulphur 
dioxide and oxygen; between these limits the reaction 
occurs, reaching a maximum at about 450“. Hence in 
order to increase the vek'city of the reaction as much as 
possible a catalyst which has its greatest aetivity at about 
450' should be Used; the catalyst which best fullils this 
condition is iilatinum. 

Platinum, although probably the best, is not the only 
catalyst which can be utilized in the manufacture of suliilmric 
acid. Another process in ojxration is bast'd upon the j'ower 
possessed by oxides of iron and other metals of promoting 
the combination of sulphin dioxide and oxygen at a moderate 
red heat.' l-'erric oxide (pyrites cinder), (.ibtained by the 
roasting of pyrittwhich hj> been allowetl to grow cold has 
only feeble catalytic jxiwer, but if it be used fn sh and if 
the air for the coinbu.sli<jii of the pyritts lx- dned previous 
to aiimission to tlie burners, a convcrsum of tio per cent, 
of tlie sulphur dioxide into sulpiiuric anliydnde is readily 
obtained, and the pioportion converted may under suitable 
conditions rise to 90 per cent. The reaction is said to 
proceed more coinpletely if the furnace gases, which usually 
contain troin (> to X per cent, of sulphur dio.xide, are diluted 
to a content of from 2 to ; per cent of the hoxide by means 
of dried and heated air before admission to the contact 
chain be; - 

The contact ovens are jilaced m the cilitre of a block of 
pyrites burners. Heatcvl air is admitted below the grates 
01 the hunters end the hot g.isi s pass directly from these 
througl the contact mass, rnaiiUainiiig it at the red heat 
necessary lor the reaction. Pri'liminai-y jmrification of the 
gases is unnecessary, ^nd notwithstanding this a compara¬ 
tively pure product is obtained, for the catalyst whilst effect¬ 
ing the convershm at the same time fixes most of the arsenic 
in the form of a non-volalile compound with the oxide of 
iron. The ai tiviiy of the catalyst is reduced as the quantity 
of arsenic abs'racted by it incieasos, but this is not a serious 
> ling. P. ijzOb ;iScjKi. 2 Jtjij (iHyg). 
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difficulty, since the contact mass is easily replaced by fresh 
material always at hand.' 

It is doulilful whether a complete conversion of the dioxide 
into the trioxide of sulphur can he brought about on the 
technical scale with ferric oxide alone, since according to 
Knietsch’s figures the temperature nece.ssary with this 
catalyst lies so high as to bnng about dissociation of some 
of the trioxide. Indt'cd, this difficulty is indicated in a later 
patent," which proposes to overcome it by combining the 
ferric oxide and the ijlatuium processes. According to 
this modification of the original method the partially con¬ 
verted and purified gases issuing from the ferric oxide 
chamber ar(> passed through a dry scrubber and then through 
a second chamber containing platinum. Another patent ^ 
claims the use of other metallic oxides as well as ferric oxide. 

More recently the use of vauadic acid precipitated on 
finely ground pumice or a similar carrier has been protected, 
and two mediods of jirr’paring the catalyst are given. Accord¬ 
ing to the first,"' a nuxrurc ol 200 [larts of moist pumice stone 
in jxiwder and 14 parts of ammonium vanadate is moulded 
to the desired shajie, and heated at a temperature of 300° 
h, ecpel ammonia and then at 440" in gases containing sul- 
, ’mr dioxide to jfomote cohesion. Alternatively a complex 
insoiuhle compound containing one or more easily replace¬ 
able bases, e.g. pcrmutite,is treated with a salt of vanadium, 
and Ihc salt reduced in hydrogen." Still later patents® 
claim the use of catalysts conijioscd of (i) an intimate 
mixture of voluminous active chromium sesquioxide and 
an oxygon compound of an easily fusible heavy metal which 
is capable of absorbing sulphur dioxide and acts as a binding 
material for the chromic oxide but docs not combine with it, 
(2) a mixture of the chromic oxide and tin o.xidc, one of them 
being in excess of the amount required for the ffrmation of 
tin chromate, and one of them being catalytically active, or 

* Eng. P. iHyi li'Vj). = Ibid. 217,|S (rXejo). 

5 4O10'(npi), “ Ibid 2.(5)i U913). 

“ Ibid. 84(12 (i>) 14 ). 

• U.S, P. 1204141. 1204142, and 1204143. 
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(3) a porous mixture of chromic oxide and an activating 
agent, which may be obtained, for oxamjde. by heating to¬ 
gether a mixture of ammonium dichromatc and tin chloride, 
or a mixture of the oxides of chromium and tin with an 
organic substance. 

PEKsui.rm'Rir Acid akd Peksuli'Iiates 
Tlic pcrsulphates of the alkali metals, and particularly 
the ammonium salt, arc now largely used as oxuh/.ing agents 
and in photograi)hy, and ixTsulphurK- acid itself is employed 
to a constantly increasing extent as a source of lu'drogcn 
peroxide, wliich is ]>ioduc('d by hvdrolysis of the acid:— 

lion ()-s{).,oii no no-so..on 

I ■ - 1 

non 0-^03 )n no ho-so,oii. 

Tlic sulphates, f.;;. amm..niuni or potassium sulphate, are 
converted into is rsulphatcs by electrolytic oxidation under 
suitable conditions. The anode compartment contains a 
saturated solution of the sulphate, and the catliode compart¬ 
ment sulphuric acid of medium strength , the electrolyte 
is well cooled, since ilie teiniicratiire is best kept at about 15 k 
It has belli found that certain catah’sts exercise a very 
favourable influence on the oxidation, and that the chloride 
and fluoride ions are particularly active. 

ihe same catalysts promote the formation of pcrsulnhiinc 
acid. By elcctrolvsis ol sulphuric acid in pr.-seiice of hydro¬ 
chloric or hydrottii .ric acid soluuons of peibulphuric acid 
containing up to 40 pc; cent, of th.it lonipound are ob¬ 
tained, which wl eii distilled iindei reduced pressure yield 
hydrogen peroxide, formed by hydrolysis, of the persulphuric 
acid. 

SriiuTKri, CliLOKIDE 

Sul]>liiir dioxide and chlorine do not readily unite to form 
sulphuryl chlonJe under ordui.try conditions, but the com¬ 
bination is easily fleeted in presence ol catalysts ;— 

bt.-'j + cu -=•= SO 4:1,. 

According to a patmted process for the production of 
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sulphuryl chloride,* sulphur dioxide and chlorine, in the 
hquid state, are caused to react with each other in presence 
of substances which promote their union, such as camphor, 
glacial acetic acid, anhydrous formic acid, etc. For ex¬ 
ample, camphor is dissolved in liquid sulfihur dioxide in 
a closed vessel and a stream of liquid chlorine in calcu¬ 
lated quantity is introduced, pn ferably while cooling. Tlie 
product is purified by distillation. 

Production of Chromic Acid by Electrolytic Oxidation 
OF Chromium Salts 

Solutions in which chromic acid or dichromatcs of the 
alkali metals, together with sulphuric acid, have been r /-d 
as oxidizing agents contain chromium sulphate formed by 
reduction of the clmomic acid; the chromic acid can be 
regenerated from the chromium suljihate by a process of 
electrolytic oxidation. 

The best solution for ihc purpose contains loo gr. of chromic 
oxide (as sulphate) and qro gr. of sulphuric acid per litre. 
With a h'ad anode a current efficiency of loo per cent, can 
DP obtained, Mdiereas with an anode' of I'latinum no oxidation 
t; kes place. 

Jt has been fi.und that the addition of small quantities, 
fiom I ;ier cent, down to o-i per cent., of various substances 
has a marked effect in improving the efficiency of the process. 
Among tlu'se substances arc iiotassium fluoride., potassium 
cyanide, sodium phosphate, boric acid, sodium vanadate, 
and sodiuni molybdate; their action is, of course, catalytic, 
but the mechanism is not understood. 



> Kiig. P. i.!W)i (igei). 



CHAPTER III 

Ammonia 

It is primarily due lo the pioneer work of Haber and Ee 
Rossignol 'that the synthesis of ammonia from its elements, 
Nj + jHorr- 2NH3, has now become an industrial operation 
of the first importance. The Halier process was iirst 
conmcrcially installed in Hermany by tiie Badische Anilin- 
und Soda-labnk in ic)ij, with a jilant capable of producing 
30,000 tons of ariimonimii siiljihate per annum ; a[iparcntly 
the output in that year was sonU‘ 2o,oou tons. This grew 
to 60,000 tons in Mr-i, to 150,000 tons in rgi.y and to 300,000 
tons in 191O, and it is stated \nth .mlhonty that the output 
in 1917 was equivalent to at least 500,000 tons of ammonium 
su]]'hate. 

The aflmity of nitrogen for hydrogen is so small that the 
gases do not unite to any ap])reriable extc'iit at the ordinary 
temperature or < ven when he.iled. I'Jie combination of 
nitrogen with hydrogen is an exothermic ic iction, hence it is 
only due to lack of reaction xi'ocity that the gases do not 
combine at the ordinary temperature. The velocity of the 
reaction increases oipidly as tin lemficrature is raised, but, 
as will be seen from the tollowing fable, the ^-ield of ammonia 
falls. The 'lest mixture of nitrogen and hydrogen for the 
production of ammonia has the theoretical value, one volume 
of nitrogen : three volumes of hydrogen, but even with this 
most favourable mixtuie the percentage of ammonia obtain¬ 
able under ordinary pressure is very small at high temper¬ 
atures. Increase of jiressiire, of c.iurse, favours the formation 
of ammonia, since the combination of nitrogen and hydrogen 
results m a dim.nntion in the number of molecules from 

' Zeit. Elektrm hem , nji.i, 19, sj , 1 labor, j. Sat. them Ind, ioi,|, 

38, 49 
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four to two, and therefore the percentage of ammonia 
in equilibrium attainable is proportional to the working 
pressure over a very wide range. Keference to the tabic 
shows that the values for the j)erecntage equilibrium at liigh 
pressures are very different from those at the ordinary 
pressure, and technical synthesis of ammonia becomes a 
possibility if the equilibrium at such high pressures can be 
reached in a short enough time. 

Percentage Amount oi' NHj in the Equiliijkium of the 
Re.vction Nj ■! 2NH3, 

Temperature . . . 550'^ 750 ’ SjiO° 

Pressure. 1 atnios a vyb<) 00159 o 00-S9 00055 

Pre.ssurc joo atmos hy ■; o.! i 

Piessurc, 200 atmos 119 571 299 1 i‘07 

The figures show th.d in order t' ■ obtain results of technical 
value in the synthesis of ammonia a catalyst is required 
which will hs I'e a satisfactory effect in promoting the velocity 
of the reaction at a temperature not much above 500^. The 
upper hmit of temperature for practical workin.; is 700“; 
at higher temperatures any advantages arising from increased 
reaction velocity arc more than counterbalanced by the 
f.'hing off in tlic yield of ammonia. In no case is the yield 
so iiigb that it would prove remunerative to absorb the 
ammonia from the reaction products and allow the residual 
hydrogen and nitrogen to go to waste, hence a continuous 
process must be adopted in which the residual gases, after 
removal of the ammonia, arc again passed over the catalyst. 
The simplest method of separating the ammonia is liquefac¬ 
tion by cooling, temperatures down to — 73“ being used; 
below tills point there is a risk of solidification of the ammonia 
leading to stoppages. 

With suitable catalysts it is possible to work at tempera¬ 
tures between 500° and 600° and at high pressures so that 
the equiUbrium is nearly maintained with a high rate of 
flow of the gases. The very high pressure limits the space 
which may be fiUed with the catalyst, but more than i kilo of 
ammonia per hour is easily produced for each litre of catalyser 
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space. The necessary heat is produced by the reaction 
itself, for within the stated range of temperature 13,000 
calorics arc liberated by the formation of one gramme 
equivalent of ammonia from its elements. 

Details of working methods have not been published, but 
a general idea of the arrangement of plant can be formed from 
the descriptions of the large-scale experimental plant used 
by Haber,i and from the following patent.^ 

The catalyst, for example lincly divided iron, is contained 
in a metal tube, which at one end commumeates with a heat 
exchanger and at the. othei receives the mixture of nitrogen 
and hydrogen. The gases pass over the heated catalyst 
and through the lieat exchanger, and then the cooled gases 
traverse either an absori'lion apparatus 01 a refrigerator 
in which the ammonia is condensed. The gases are finally 
made to return by nieaii.s of a puiii]) .dong the outside of the 
heat intei'changing lubc.s and of the tube containing the 
catalyst, to re-enter the latter and be circulated afresh, 
the supply of gases being rej.leinshed as required through a 
side tube. The appaiatus is sairounded by heat insul.itmg 
material, and is enclosed in an envelope to enable the 
circulation to be elfecled iimler pressure. 

The process, whatever it.s exact dct.ails may be, is, of course, 
not free from danger, since at the high p' lssures employed 
v- small quantities of oxvtg'n entering tlie apparatus 
sufnee to cause evpio-ion-,. 'Jhis lisk is guarded against 
by setting up the qiiiaiatus 111 1 oinb-proof cJiambers. 

An extensive study hc.'^ Oeen made of the variou.s catalysts 
■which may be used in the s>n1hesis ol uiiunonia, and niiiner- 
ous p.'duits -* indicate the wide range of materials available 
for tl.is jairpose. It is understood that the catalyst now in 
use on the mamifactn.'ing scale is iron, in a line state of 
division, winch has bun tendered very active by addition 

’ /, Soi C/iiw. hid. loi.’,, 32, ni 

® i'Y. t’. so'icijj. 

“ e i;. I.) K 1 '. I’iSj’i. L>. H I'. 23S.1SO, Eiu,. P. 17051 (1909); 
Png. j'. C6749 'lyii); ling. P. M (Kjii); Eng. P. 5855 (igii); 
Eng. P. 3345 (191:). 
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of a small amount of a “ promoter,” but many other sub¬ 
stances have been tested. Osmium in a very fine state of 
division was found by Haber to be a highly effective catalyst; 
with this luelal, at a temperature of alxmt 550" and a working 
pressure of 175 atmospheres a yield of about 8 per cent, by 
volume of ammonia was readily obtained. For use on the 
large scale, however, osmium can baldly be considered 
seriously because of its scarcity, lhanium is also very 
cflicient especially when used in the form of its carbide; tliis 
in the current of .hydrogen and nitrogen is converted into 
the nitride of uranium, which is a powder of very high 
catalytic powi-r. It is I'sscntial when uranium is used 
that no W'alei or sulislaiiee which can give rise to water is 
present in the mi.xture of gases. Molybdenum and its com¬ 
pounds, such as niolvbdic acid, ammonium molybdate, and 
the compound of molybdenum auu nitrogen which is obtained 
by heating iiiolybdic acid or ammonium molybdate in a 
ciirient of pure ammonia, are e.xcollcnt catalysts. So also 
is manganese pnwided that the mixture of hydrogen and 
nitrogen is completely free from oxygen or watci. Another 
suitable siibsuuice is tungsten, titlier the metal itself or 
all cdloy or a nitrogen conijKmiid of the metal; the catalyst 
ahould be prei-cud at a temperature not greatly exceeding 
600 , tir by heating a timg-.l(;n coiniioiind in ammonia, in 
which case a higher temiicraturc may be employed if neces¬ 
sary. Other metals may be emiiloyed with good results, the 
hst including the alkali metals, the alkaline earth metals, or 
rare metaL such as cerium, niobium, tantalum, etc. and others 
again of a more complex character, of which the following may 
be mentioned, i'he catal>'st contains a metal or a metallic 
compouiid with a considerable power of taking up nitrogen 
and also ont' with a similar tendency to combine with hydro¬ 
gen. Forcx.ample, ammonium molj bdate is bee ted till part 
of the ammonia is expelled, and the porous grains thus pro¬ 
duced are soaked in a concentrated soiution of palladium 
nitrate (which may contain 2 per cent, of uianium nitrate), 
20 per cent, of the salt relative to the weight of ammonium 
molybdate being employed : the mixture is calcined until the 
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nitrate is decomposed, and then reduced with liydrogcn. 
Or, again, the catalyst consists of asbestos, meerschaum, etc., 
soaked in a solution of an alkali osmate or ruthimate and 
dried, or the catalyst is prepared by treating a comjilex 
insoluble compound containing one or more easily replaceable 
bases, c.g. permutite, with a salt of a catalytic metal such as 
palladium, copper, nickel, or vanadium, and reducing the salt 
with liydrogcn. 

Various modifications of the original process of Haber 
have been patented, for instance, passing the nitrogen and 
hydrogen over the catalyst alternately instead of simultane¬ 
ously ; it is stated that m this case specially good results 
are obtained by mixing the nitrogen ivitli from i to 3 jier cent, 
of hydrogen. A current of nitiogeii containing a small 
quantity of hydi igen is passed into a vessel containing the 
catalyst, e.g. lithium mang.tnese nitride, which is heated 
to a temperature of from .150 to 350 , until a pressure of 
about 50 atmospheres is attained; absoiption is allowed to 
proceed until the pressure has falk'n to, say, 30 atmospheres, 
the nitrogen is then removed and hydrogen passed over the 
mixture preferably at about 50 atmospheres pressure and at 
the same temperature. In all cases it is claimed that the 
yi eld of ammonia is incri ased by depriving the gaseous 
mixture of water and of sub.stances cajiable of forming water ; 
tins can be suitabU’ eff( c ted by passige, over heated jialladium 
asbestos and then ovti quicklime. 

In the course of the study o', the various cataU’sts the 
important observation \\.,s made that a number of substances 
have the power cf rendering catalysis in general more active, 
and tiiat in many cases very small quantities of these 
“ promoters ” or “ activators ” are sufficient to raise the 
catalytic activity in a marked degree. Among these pro¬ 
moters arc the oxides, hydroxides, iind salts of the alkali, 
alkaline earth and earth metals, ox'dcs of the rare earth metals 
tantalum and niobium, silica, and a number of other sub¬ 
stances, including many metals themselvfs. As a general 
rule those metals which yield oxides and salts which are not 
reducible by hydrog m, and com[xiunds of such metals, are 
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suitable for use as promoters.* For example, powdered iron 
mixed with 5 per cent, of aluminium borate or phosphate is 
stated to give a satisfaelory yield of ammonia at 500'' or 
450 ■ respectively; or, ag.ain, cerium pre|)ared electrolytic;!Ily 
m the form of small grains is mixed with about two per cent, 
of potassium nitrate and placed in the- contact tube ; when a 
mixture of hydrogen and nitrog^u is jiassed through the 
heated tube a cutalyst is obiained whicli gives ;ibout three 
times the yield of ammonia that untreated cerium affords. 

Another very important lesiilt of the study of methods for 
the synthesis of ammonia was the recognitiem of the fact 
that certain substances are spcx'ific “ poisons ” for ammonia 
catalysts, that is to say, are fatal to their ac'ti vity. The most 
injurious substances are sulphur, selenium, tellurium, 
phosphorus, arsenic, antimony ,ind boron, or eompound.s 
of these elements such as their iiycindes. Sulphur dioxide 
is very poisonous and carbon monoxide is also a })oison. 
Metals of low nitlting point, which can easily be formed 
from their com))ounds by ’■eduction with hydrogen, such as 
lead, zinc, bismuth, and tin must also be avoided, lixtiemely 
minule quantities of these substance? which are almost 
alvrays present even in the purest comineicial products, 
'll in so-called pure gases, sulTice to render the catalysts 
absoii-tely inactive or at least to diminish their ;irtivity very 
seriously. Thus iron, for example, prejrared from ordinary 
iron oxide with a content of one jier thousand of sodium 
sulphate is as a rule inactive; iron containing o-i per cent, 
of sulphur is generally quite useless and even with o-oi per 
cent, is of very little use, although in ajipearance and wlvn 
examined with the ordinary physical anti chemical methods 
no difference at all can be dctectc'd w'hcn it is compared with 
pure iron.* A trace of sulphur, one part jut million, in the 
mixture of gases can under certain conditi(.>ns be injurious 
so that even electrolytically prepared hydrogen must gener¬ 
ally be subjected to further sjjecial puritication. 

1 jTj- p j 25 of) 0 ; r*- I ^ io6Sq68. 

‘ IlaLcr, J. Soc. Chem. Ind., i9^-j 31, 982 . 
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The recognition of these facts necessitates the preparation 
of catalysts free from such poisons, and also the very careful 
purilication of both the hydrogen and the nitrogen. Various 
proctsses with this end in view have been protected by 
patents. For exaniple, pure commercial iron containing a 
trace of sulphur is burned m a current of oxygen, and the 
resulting magnetic oxide is reduced to the metal.' Again, 
it is suggested to pass the mixturi' of gases through two 
separate quantities of the c.italyst. the first to absorb any 
poison the gases may contain, and the second serving for 
the actual catalysis, or to ns>' purifying tubes containing 
substances which will absoib the iioisons - 

An interestm.g account has been given by Maxted ■' of 
the efforts made by a British company towards the estab¬ 
lishment of the synthetic animoma indnstiy iii this country 
on a technically .sound basis. He states that the methods 
in existence for tlie direct production of a hydrogcn-nitiogen 
mixture tend to give a g.as containing appreciable quantities 
of carbon monoxide, which is a cat.il\ st ])oison, and therefore 
it is more satisfactory from an economic staiidjioint to 
manufacture the pine gases separately and mix them in 
jiroper prcqiortions as required. It is advantageous to 
w'ork at as high a pre.ssure as is compatible with the stiength 
''t the rnateri.iis used m the plant, but in practice it is 
not possiLlc to iiuicti exccc.d goo atiu<isp!ieies, and 180 
atmospiieres is found to be a very suitable working pressure. 

The available catalvsts. apan from the metals of the 
nlatinuin group, are uranium and iron. The former is 
clccidedly die more efficient, but has llie drawback of being 
prepamd and regenerated with difficulty and of being 
rapidly rendered inactive by tiaccs o‘ water or of oxj’gen 
in the gases. For tliis reason it is preferable to employ 
iron containing traces of other substances as promoters, 
using two or even more jironioiers simultaneously. 

The following table gives the; actual percentage of am¬ 
monia obtained with an ironqiotash ca.alysl. The tliird 
> It. p. 4goe,y,. 2 Hug, l>. 5K35 (ignj- 

J. >oc. Chem, hid., 36 , 777. 
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column gives the yield provided that the ammonia formed 
is completely removed in the course of circulation, a con¬ 
dition which may be very nearly apj)roached by employing 
a refrigerator almost at the solidifying point of ammonia 
(— 77"), with a rate of circulation such that the percentage 
of ammonia in the gases is not too low. The temperature 
was, as usual, not uniform throughout tlie column of catalyst, 
but ranged from about (130" at the beginning of the column 
to about 600“ at its end. 


Time of ( oru.u.t 
with oatalysl. 

1 ’ereontage of 
KHj m gas. 

Yie ld of NII3 in kilos 
pt;i' hour per cub. It. 
oi catalyst space. 

i j seconds 

. 0-8 

6-46 

^b 

• 1-4 

3-03 

6b 

■ ^7 

2-33 

105 ., 

• .l-l 

178 

i<S minutes 

• 37 

o-8() 


The most economical rate of working is not necessarily 
that at which the highes', yield of ammonia |,.t hour is 
obtained, but is modilied by the efiiciency of tlie heat and 
cold exctiangcrs and by the completeness of the separation 
in the rcfiigorator of the ammonia formed. 

j-or the erononuc elhciency of the process too great care 
ca.mot be given to the construction of the exchangers 
connected with the heated reaction vessel and the refri¬ 
gerator resyiectively. This is obvious when it is considered 
that the cost of operating the process, apart from the com¬ 
pression of the gases, consists in supplying or abstracting 
sufiicient heai to compensate for losses by radiation and for 
the dehcicncics of the exchangers. 

The maximum temperature is determined by the ammonia 
content of the gas mixture and by the pressure at which 
the process is being worked: it is necessary to remove the 
ammonia as completely as possible in the refrigerator. 
The following figures give lhc percentages of ammonia 
tlieoretically left in a mixture at 150 and 200 atmospheres 
respectively after passing tlirough a refrigerator at different 
temperatures. 
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Tomiieratiire. 

I.so 

Almo.sjiliercs. 

200 

Atraosplieres. 

0 " 

■ ^7 

2-1 

— lo . 

. l-() 

1-4 

— 20 ' 

. 1-2 

0-9 

- 30 ' ■ 

. 076 

0-57 

-- dO 

- '-'•-t? 

0-35 

- 50 ' 

• O'-.s 

0-19 

— fieri 


O-I 

The corstniction ol the 

lontacl ehainber 

prc'sents con- 

siderable difticulty, iirstly on aecenmt of the 

high jiressure 

together with a temjieratiii 

e apjuoaching a 

reel lu'at, and 

specially on account ol the 

rapid deleruiMtion of the walls 

of the vess.'l Ihiough tlie 

action of the 

gases at high 


temperatures. I.i order to rediier Ihis lUKlcsiraMe elfe'ct to 
a iniiiimuni the reacti.jn \iSsl1 iii.iv he ronstriirte'd of a 
material as rsisiant as possiMe io the aetioti of ammonia 
and surrounded hy a jai leel of mtior;eu at the same pressure 
as the ,i,Ms-'OUs mixture in tlie ihamlnT, tile wliole being 
enclosed by a wall eajiabl" of withstanding the pressure. 

The choice of a method of iieaiing the appaiatu.s is not 
easy. Kleetrif heating ji’is nis drawbacks m practice, 
and theref.ire' in (leniia.iy a svsc m is adopted aciording to 
wtiich air is iiijecteil into the catalvst eh, mber so that the 
lesjiiisite 1 eiiijler ito.te is oijirit.iuied by internal eoinbiislion. 
lire m-diod niakis n jnessiLi,' in nsi' rliambers of simjile 
constiucfion. but is sor.iewli.U i,.d)l ■ to gi\-i' rise to explo¬ 
sions. if, as a result oi e h* low a teinjieiMlun intherhaml.H'r, 
or for otlii 1 rcaf ans, anx’ ol tin o-xygci remains urn onsiimed, 
it mav accurnulati' until an explosive mixture nsuits. 

In a b’eport e.-n the Xitroge n iiidnstrv to the War Dejiart- 
ment, li.SA.,^ J'aiseuis stat"s tli.it during the past four 
years the (jeiieral ( hernical Coiiipaiiy, working on the basis 
that it should be possible to dex. lop conditions under which 
the synthi tie h rniation of ammonia by the direct com¬ 
bination of iiyeirogeii and nitrogen shoi.ld fake place at 
lower prcssui ..s than those deemed iK'cessary by the Haber 
‘ J ht'l ana ling, (.hem , lyi?, 0 , Sjy, 
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patent, have achieved success. The process has liccn in 
successful operation on a large experimental scale with 
several smaller units and witli one unit supposed to be 
larger than those in use in Germany. 

No account of this process has been published, but, 
judging by the claims made in a mimln'r of patents, appar¬ 
ently it has licen found jiossible to bring about the com¬ 
bination of hydrogen and nitiogeii at lower jiressurcs hy 
the use of syiecially active catalysts. According to one * 
of these, nitrogen and hydrogen, ui the volume ratio of 
I to 3 arc brought, under a pressure of from 34 to 95 atmo¬ 
spheres, into contact with a catalyst whic'h consists essentially 
of an alkali metal and nitrogen, and which is tiealed to a 
temperature of from 550 to 600 . Tlie gases must be 
jiuritied from catalyst jioisons. The yield of ammonia, 
which dcfieiids upon the gaseous {iressure, is about 5 per 
cent, by volume. The catalyst is prepared “ by heating 
purified ignited granules of pumice stone with metallic 
sodium in a nential atniosjihere so that the met d is melted 
and by vigorous stirring is cansi'd to distribute itself uni- 
forn.ly 111 the pores of the pumice stone. The material is 
t iten heated in ammonia gas at about 300 until a constant 
vv. ight IS attained. Alternatively^ the sodium, prior to 
being eeated in ammonia is treated with a cobalt compound, 
and water soluble matter is removed from the ]iroduct. A 
suitab'e catalyst can also be prepared * by reducing nickel 
oxide with hydrogen, adding sodium, and treating the 
mixture with ammonia. 

It has also been claimed ttiat a very marked increase in 
the yield of ammonia can be attained under less trouble¬ 
some woiking conditions than those of the Haber patent 
by the use of catalysts prepared from alkali or alkaline 
earth ferrocyanides or ferricyanides by heating them at a 
temperature below 500“, and under ])ressure, in a current 
of nitrogen and hydrogen or of one of those gases. In 
presence of these catalysts the combination of nitrogen 

> U.S. P. 1x31537. * Ibid. 115036^, 

* Ibid. IJV9365. " Ibid. 1143366. 
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and hydrogen is said to take place at relatively low tem¬ 
peratures and pressures and the yield of ammonia to amount 
to no less than 17 per cent, by volume.' 

ALUMIXII'M Nitkide 

A number of methods for the indirect preparation of 
ammonia from nitrogen have been proposed, which depend 
upon the production of various nitrides, c. g, the nitride of 
titanium, followed by the libeiation of ammonia from these 
comjxiunds through the action of water or of steam. One. 
such process, duo to Serpek, is understood to be on trial on 
the large scale in France in the works of the Socu'te Generale 
des Nitnires. 

Serpek’s iirocrss is based u[)on the formation of aluminium 
nitride by heating a mixture of alumina and carbon to 
redness in a current of nitrogen, 

A1/.)3 + 3C -i- N, — 2.M.\ d- ;,CO, 

and the subsequent decomjxjsilion of the nitride with 
water or with ;i(|ueous solutions of alkalis .— 

AlN-f jH/) - Ali()H)3 i- NH3, 

By treatment of the nitride with a solut’on of caustic soda 
or of sodium aluininate the nituigi'ii is lib(>rated in the 
form of ammonia, whilst a cerv pure ;duniin;i suitable for 
the manufacture d aliimiriiun. i 1 also obtained. 

Tile first stage of this process in;iv be classed among 
catalytic react'oiis, inasmuch as it has been provi'd that the 
absolution of the nitrogen, which is strongly endothermic 
and only takes place with ra])idity at high temjieratures, 
preferably from i8n(. to 1900 , is greatly facilitated by the 
presence in the alumina of small quantities of powdered 
metals such ?s copper, aluminium, iron, or their alloys,* or 
of metallic oxides, hydroxides, or carbonates; * the presence 
of free or cornbmed sulphur in the alumina is also beneficial, 

' P. R B 2f)<7i9 2 Eng. 1' (1909), 

Ibid. 8549 (1912). 
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the, reaction being accelerated and the quantity of nitride 
in the product increased^ Hence bauxite can be used 
with advantage instead of pure alumina, because owing to 
the catalytic effect of the impurities, such as ferric oxide 
and silica, present in the mineral, the formation of nitride 
can be effected more rapidly and at soiiK'what lower tem- 
pr-raturcs. It is also stated- that if varying proportions 
of free or combined hj'drogcn arc added to the nitrogen 
the yield of nitride gre.dly exci'ods that which would be 
obtained in the absence of hydrogen; a suitable way of 
generating nascent hydrogen at the temperature of the 
reaction is providi'd by the addition of a hydrocarbon or of 
sulphuretted hydrogen to the nilroge.n. 

The formation of aluminium iiilridc is likewise found’ to 
be grcatlv accelerated by the iiresence of the oxides of 
certain elements which themsei'.es can form stable nitrides. 
Under these conditions it is possible to secure rapidly and 
at a rclati rely low temi'cratiire a fairly high percentage of 
nitrogen in llu product. Among the oxidt-s which may be 
used are those of silicon, titanium, zirconium, chromium, 
molybdc.mni, tungsten, uranium, and glucinum. Pro- 
fer.mce is given to silica on account of its cheapness, but 
■nder certain local conditions others might be used with 
ath eitagc, especiallv as they are n-coci red and can be 
utilized again. The oxides may be replaced by other 
oxygen compounds such as silicates, titaiiatcs, vanadates, etc. 
The presence of iron an<l other iirqiurities does not influence 
the catalytic action, so that low grade bauxite, may be. 
employed. Tor example, bauxite, kaolin, clay, or any other 
substance containing mi.xtures or compounds of silica and 
alumina is heated with carbon in a cun cut of nitrogen at 
a temperature between 1300^ ttnd 1500 for a sufficient 
time to convert almost all the silica into nitride, and then 
at I700 °-i8oo ' for the fonnation of aluminium nitride. In 
the first st.age of the process the nitrogen must contain 
no oxygen, free or combined, but in the second stage 
1 Fr. P. 426868. ’ Png. P. 8348 (1912). 

» D. R. P. 243839- 
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producer gas, freed from oxygen and carl)on dioxide, may 
be usedd 


Calcium Cyan amide 

Calcium cyananiide, which is now used in very large 
(juantity as a fertilizer (“ Nitrolim "), and as a source of 
ammonia and of cyanides, 

CaN-CN I- 3H,C) - CaCO, + aXH^, 

CaN-CN -f C -f Na,C03 - CaCD^ e ,^NaCN, 

IS manufactured liy heating (ahium carbide in a ennent 
of nitrogen . C.1C2 |- X. - CaX-CX C, The reaction is 
strongly exothtni'ic, but apjireciable absorption of nitrogen 
does not begin until the temptlatuie is raised to about 700' 
when comni' reiai carbide l^ used. 

I'nder techiiica! cunditions, with large (quantities of 
carbide, the heat lilierated timing the initial stages of the 
absorption servis to laise the ttniqierature of the charge 
to 1000'-1100 , the timperature netessary for satisfactory 
absorption. l'..\ternal healing is nspiired only for raising 
the charge to the initial reaction temiierature and for com¬ 
pensating suI'S'iineiit lo.s.-,! s of heat. It has been found 
th.'l various substances admixed with the carbide arc 
t'apable of low ring the initi.d n-attion temperature, and 
their tet'jnical use u.is bu n prnoosed. The best known of 
these substances are the ' iiL'nde and the fluoiide of calcium, 
but a large nuinfier of otljcr coinincinds ha\c been proved 
thus to fa'iiitate the reaction, budi are lime (always 
proscct in the tcchnu.d carbide), the carbonates of cal¬ 
cium, sodium, .ind potassium, the clmrides of lithium, 
sodium, and alinniniiim, etc ; calcium chloride apqiears to 
be the most elheient, as shown by the following results 
obtained by flredig. In lac.li experiment a sample of 
carbide was heated at 000 for two liours ui a stream of 
nitrogen. 


^ E-ig P. 25141 vi9U). 
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Per cent, nitrogen 
absorbed. 

• 3-2 

. 4'0 

• 8-5 

• 13 
22 

The effect of tlic quantity of the sul)stance added is very 
irregular in the initial stagi-s of the absorption, but in some 
cases these differences disajipear in course of time, the 
tendency being lor a coristanl percentage of the carbide to 
be converted into cyanamide, whatever the quantity of 
the addition: this only ditcrinmes the velocity of the 
absorption of the nitrogen. 

Soi).\MIi>E 

Sodamide, NH„Na. is now a substance of technic-'l im¬ 
portance, as it is usk'd m very considerable quantity in 
place of sodium itself in -'arioiis manufacturing operations, 
for example as a condensing agent in ihe preparation of 
syntlietio indigo. 

I'he formation of sodamide and other alkali amides by 
U'C lateral tion of ammonia and the alkali metals, 

2NH- 4- 2Na = 2NH.,Na -f- H„, 

is greatly influenced by the prcsi'nc.e of catalysts.' Whereas 
silicon, calcium carbide, and certam other reducing agents 
retard the reaction, oxygen compounds like the oxide and 
hydroxide of sodium, and chromium and its compounds 
accclciate it, and in some eases to a very marked degree. 
In each of the following series of experiments from 2000 
to 2200 grammes of sodium were heated to about 380° in 
a wrought-iron crucible and ammonia was admitted at the 
rate of about 90 litres per 5 minutes; the percentages of 
ammonia decomposed when no catalyst was added and in 
presence of different quantities of the specified catalysts 
were determined with the following results. 

‘ Eng. P. 1613 (1915)- 


Addition, 

10 per cent, lime . 

,, „ sodium carbonate 

,, „ sodium chkiride . 

,, ,, calcium chlonde . 
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Catalyst. 


Quantity of 
catalyst added. 


Percentafre of Nit, 
decomposed. 


— • • — 50-3 

Sodium hydroxide . lo gr. 65-7 

.. .. . 4 <' «77 

,, . 60 ,, 97‘2 

Chroniiuin ses(iuioxid(' 5 ,, Siyz 

Chromium sesquioxide+ 5 
sodium hydroxide 5 

Chromium . ■ 5 „ 92 S 


Sodium Cy.\ni!jK 

Considerable quantities of sodium eyanide are used in the 
cyanide process of gold txtraetioii, and if only it could be 
produced at a i nv tuoiigh cost ilus s ilt might also be used 
as a source of arniinmia. and of sui h substances as urea, 
oxamide, and oxalic acul. I-'or instance, wlien heated with 
a solution of sodiuin h\'droxide the ■ vamde is rapidly and 
completely transformed into tie- formate of sodium and 
ammonia; Naf'N 1 aH/* -H-COOXu f- NH,. Hence 
interest attaches 10 a catalyui process for the manufacture, 
of sodium cyanide recently jiateiited by Kucher.' 

So long ago as rSjci Lewis 'I'hointison, Mhen writing on 
tl;c subject of tiu wasteful methods of j 'oduemg cyanides 
fiom animal matter •.hen in use made the following state¬ 
ment ; " It occurred to me that the al'iiospliere might be 
made to supply, i.i a very corr . iient manner, the requisite 
nitrogen, if allowed to a t on a mixture of carbon and potash 
under fay^'iirahle cirr iinistances Tlie experiment proved 
on ti’al to be correct, and iti some manner exceeded my 
expectation, for the carbonaceous maltej employed may be 
worked over a,gain ruaiiy times, and is even improved by 
each operation. I found it necessary to use iron, for a 
reason which will be ajiparerit in the explanation of the 
process; when -don is not employed a much higher tem¬ 
perature IS lequired.” 

* For an in;"rt,Siirg .coroiint of the development of the process, 
see Bucher, J. Ind aii^ Eng. them . 1917, 9 , 233. 
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Following up this idea Bucher has studied the synthesis 
of cyanides from atmospheric nitrogen, and has found that 
iron is an exceedingly active catalyst in the absorption of 
nitrogen as alkali cyanide. When a mixture of lamp-black 
and sodium was heated to a white heat in a CTirrcnt of 
nitrogen for twenty-five hours, the yield of sodium cyanide 
obtained was 79 per cent, of the theoretical quantity; 
other experiments confirmed this, and showed that under 
such conditions the process of cyanide formation is always 
slow. On the other hand, when a mixture of finely-powdered 
iron, lamp-black and sodium was hcxited in nitrogen it was 
found that when the temyierature reached a low red h(xat 
absorption of the nitrogen was practically instantaneous, 
and 94 per cent, of the sodium w'as converti'd into cyanide. 
The reaction w'as powerfully < xothermic, causing a great 
elevation of temperature. Otlier experiments in which 
alkali carbonates were substituted for the alkali metal led 
to corresponding lesnlts. With mixtures of these salts 
and carbon at a low red ticat there is practically no fixation 
of nitrogen, but when finely divided iron is ailded to the 
mixture- the method is an exceedingly < ITicient one. 

these observations fonned the basis of a series of patents 
,or the manulcu uire of alkali cyanides, of which the fol- 
'owmg * may be quoted. In the production of cyanogen 
compounds from alkali or alkaline earth carbonates, carbon, 
and nitrogen, the materials are moulded into briquettes, 
I in. long and J in. in diameter, which are heated to the 
required temperature in an electric resistance furnace. 
Iron is incorporated with the briquettes in order that the 
reaction may take place at a more moderate temperature, 
and the briquettes are preheated by the hot waste gases. 
The charge descends through a narrow vertical furnace 
where it meets the nitrogen, which has been preheated by 
using it to cool the final product. 

Producer gas may be used instead of nitrogen, the results 
obtained in similar experiments being practically the same. 
It is vital, however, that the briquettes should not be allowed 
‘ Eng. P. 23292 {1914)- 
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to cool in a current of producer gas, as in that case there 
is almost complete destruction of the cyanide. Probably 
this is caused by carbon dioxide produced by the reaction 
2CO ::=: C + COj, in which iron acts as a catalyst at a low 
temperature, 

A number of modifications of the process, some of which 
are of a greatly altered character, are protected by later 
patents.1 

So far as purely chemical problems are concerneil the 
details of the process appear to h.ive been worked out 
satisfactorily, but the he.iting of mixtures of alkali car¬ 
bonate and carbon to temperatures of from 800 to 900’ 
presents serious mechanical dithculties, It is .i very far from 
simple matter to design plant constructed of materials which 
will withstand tic ■ furnace conJilioii'., and unless this problem 
is also solvi'd there is no great prospect of successful working 
of the process, 


Hvi)i:\zine 

Although hydranne has not ,is yet found very extensive 
applications in chemical iiidustrv, its uses are of sufiicient 
importance to justify the inclusion of a short account of the 
very interesting process by which it is ol '-ained. 

The best method for the prepriraiion of hydrazine is that 
discovered by Kasefac,. llis original jiroce.ss ^ consisted in 
treating a solution of a bypoc hi .ote w'ith cxo.'ss of ammonia 
in the cold and then le atiiig the Ptixture, with the result 
tfiat the monochloroamine Inst foimed interacted with the 
excess of ammonia to produce hydrazine. For example, 
one Jitie of a solution of sodium hypochlorite containing 
about 70 grammes of active rlili;rine is added to one litre 
of a 20 per cent, solution of ammonia, the temjicraturc being 
kept below 15The niixture r; without delay heated to 
boiling, and by boding off ffie excess of ammonia, acidifying 
with sulphuric aeid and evaixirating to crystallization the 

1 U.S. P ii.oor-i, 111SJ90, 1138191, 11740O7, 1174668, 1174944. 

^ Eng P 21957 f'Oo,) 
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hydrazine is isolaled as the sparingly soluble sulphate. The 
yield is about 25 per cent, of th(' theoretical quantity. 

In the first stage of the process luonoehloroauiinc is fonned 
by interaction of the hyjx)chlcirite .ind the ammonia :— 

NfTs + NaOCl = NHjCl + NaOH. 

The chloroaminc in turn may react with the ammonia either 
(i) with liberation of nitrogen and formation of ammonium 
chloride ; jNHjCl +2NH5 — Nj + 3NH4CI, or (2) with the 
production of hydrazine' liydrochloride — 

Nil,Cl -i- XH3 =N,H4llCl, 

and the success of the method, so far as the preparation of 
hydrazine is concerned, dejv.-nds upon increasing the velocity 
of the second reaction or retarding that of the first. It has 
been found ' that the addition to the mixture of certain 
liquids thicker than water increases the yields of hydrazine 
to between 40 and 50 pel cent, of the theoretical; such 
liijuids as 5 pei cent, solutions of canc' sugar, glycerol, 
dextrin, or starch are suitable for this piirjiose. Yields of 
from 60 to 8u per cent, oi the theoretical may be obtained 
by adding solutions of gelatin, albumin, casein, etc., to a 
1 .ixture ol nine p.irls of a concentrated solution of ammonia 
and vop part of a solution of a hypochlorite eont'uniiig about 
70 grammes of active chlorine per litre. 


j^PijiawcTJON or Nitric Acid by Oxii).\tion of Ammonia 

The direct oxidation of ammonia with oxygen, at a suffi¬ 
ciently high temiK'rature, results in the conversion of the 
ammonia into nitrogen and water;— 

qNlb, f 30, =:2N,-bfiH.O. 

If, however, the oxidation is carried out in presence of a 
suitable catalyst the reaction takes such a,-; course that 
nitric oxide is formed as an intermediate product:— 

qNTIsd 5O2 -4X0 i- 61 IA 

‘ Eng. P. 139 (190S). 
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In presence of excess of oxygen the nitric oxide is converted 
into nitric peroxide, which in turn is absorbed by water 
with formation,of nitric acid and, ultimately, nitric oxide. 
Tire reactions arc essentially as follows :— 

2NO + O., — 2NO2: 

(2) 2NO, + 140 HNO3 + HNO,: 

(d) jlbVOa n: lINOj + H^O + i.MO. 

The catalytic oxidation of ammonia to nitric acid by means 
of atmospheric (jxygen in presence of platinum was first 
ob-served by Kuhlmann in 18 jo, but the discovery did not 
receive any practical ap[>lication until 1902, when it was 
taken up and developed by Ostwald. Since t'lat date 
progress has been rapid, and large quantities of nitric acid 
arc now jrroduced from ammonia. 

According to Ostwald's original process,* a mixture of 
ammonia and air (the air must be in considerable excess) 
is passed as rapidly as possible over a heated catalyst com¬ 
posed of platinum. Tlic object of passing tire gases over 
the catalyst with a high velocity is to minimize decomposi¬ 
tion of the oxides of nitrogen formed by oxidation of the 
ammonia. The gases are hi'ated before coming into contact 
with the catalyst, by means of a heat interchanger, by the 
hot gases issuing from the contact chami-er. If platinum 
black or spongy jrlatimim is used, there is considerable loss 
of ammonia due to the formation of free nitrogen, which 
is to a fircat extent obviated wiu-.n compact platinum, or 
platinum partly covered with the spongy metal, is employed. • 
TVre caVaiyst irvr.y be variously eonsriuete.ri, ioT wstonce. 
wire rn.tt:ng or perforated jtlates may be used, or undulated 
strips of platinum foil, tir alternately Hat and crumpled slips. 
Other metals, sur.li as iridium, rhodium or pallachum, may 
replace the platinum. 

In the Frank-Caro modification of this jtrocess mixtures 
of ammonia and air are passed through electrically heated 
platinum nets of 80-100 mesh, and in the Ostwald-Barton 
process, now installed in several large jilants, the principle 
r ling. R OgH (1902); addition to Fr. P. 3175 f^. 
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is essentially that of the original patent, but the catalyst 
is distinctly different from that first used by Ostwald. The 
details of the preparation of the catalyst are kept secret, 
but it is known to have a very small cross section and to be 
placed at the end of a 60 mm. tube so arranged that the pro¬ 
ducts of combustion issuing from the tube heat the mixture 
of air and ammonia as it approaches the catalyst. No 
external heating is requirei!; the reaction once started con¬ 
tinues without interruption, and it is only necessary to 
force the mixture of gases through the catalyst by means 
of a blower. 

According to a later patent' oxidation of atmos])heric 
nitrogen simultaneously with that of ammonia is brought 
about by passing a mixture of the latter and heated air 
through a tube containing as catalyst a network of metallic 
threads (of pailadiuin-platinum, platinum-iridium or other 
metals of the platinum group), which occupy the whole 
section of the tube, foriiiing a layer from about o-i mm. to 
2 mm. in thickness, the ti.ui--verse section of the tube present¬ 
ing a free space of at least 100 mm. No eleetric heating of 
the metallic net is necessary. 

A modaficalioii of the jirocess which involves cooling of 
me gases lia.s also been protected.^ Ammonia mixed with air 
in sni! iblc proportions is passed through a catalytic mass 
maintained at a constant teinfieraturc above ^oo'"; a coohng 
appliance is so arranged as to jrrei'cnt the gas mixture being 
heated before it reaches the catalyst. The latter is com- 
jKisod of pure iriJium-free platinum w’irc in the form of 
gauze or of a grid, heated by a controlled eleetric current, 
or else is in the form of jxiwder containing a j)l;ilinum wiic 
embedded in it, which is heated similarly. 

All the processes already mentioned necessitate the use 
of platinum or other expensive metal of the platinum group, 
but satisfactory results may be obtained if commoner metals 
are substituted for platinum and advantage is taken of the 
well-known influence of activators in promoting the efficiency 
of the catalyst, 
r Fr. I’. 43 .,J 97 - 


* U.S. P. 1193796-1193800. 
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Thus it has been proved ^ that the oxidation of ammonia 
can be eliectcd l)y passing a mixture of that gas with oxygen 
or with air over a heati-d catalyst containing iron or an 
oxide of iron logelher with bismuth or an oxidi' of bismuth 
as activator; either of these may be reiilaced by an oxide 
of a rare earth metal, or a mixture of threi; or more oxides 
may be used; the iron may be replaced by a metal of the iron 
group, for cxamjile mangaiuse, rhrommm or uranium, or 
indeed by almost any nu'tal or metallic oxide. For instance, 
23 parts of ferric nitrate and i part of lanthanum nitrate 
are dissolved in water and jirecipitated by ammonia. The 
precipitate is formed into lumj-s which are dried at 250“ 
and then heated to 600 ' : this catalyst is used at a tempera¬ 
ture of 700'. If a binding material is einiiloyed in preparing 
the catalyst it should not contain any large quantities of 
non-metallic elements, midalloids, or their compounds. 
The bismuth or bismuth oxide may be replaced by tellurium, 
or a tellurium comjxmnd, upon a carrier consisting of a 
noble metal or an iudiflcrent substance-, and in an amount 
which may be varied within wide limits. Thus the follow¬ 
ing may be used as contact masses at 700' -8oo' : powdered 
firebrick soaked in a 10-20 jur cent, solution of platinum 
chloride, and in a solution ol about 10 jier cent, of sodium 
or ammonium tellurite; a metal of the platinum group 
deposited on the earner and tlien activated v-v’ith a small 
amount of ti-llurium or one of its eompounds; granular 
cupric oxide soaked in a 5 per ci-nt, solution of ammonium 
tellurite and then dnefl. When noble metals, especially 
those of lilt platinum group ate tiscd in the catalyst, lead 
may be used as aetivatoi instead of a part or the whole of 
the bismuth or of the tellurium. 

In'cresting figures illustrating the results obtainable with 
catalysts consisting of iron containing* various promoters 
have been published by Maxted.- Of these the figures for 
iron with bismuth as promoter, and for iron alone, may be 

’ Eng. P. n-'.iK 'ICO 1), I (1015), 7651 (1915), 13-9S (1915). 

- J. Sor. Cht'iii. Ind , 1917, 36, 777. 
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quoted. The experiments were carried out at a tem}rera- 
ture of 700°, the ammonia being mixed with a supply of air 
sufficient for its complete oxidation to nitric acid, but not 
in excess of that amount. 


Catalyst. 

Time ot contact 
in seconds. 

Yield of nitric 
acid %. 

Iron 

. 0-03 

71-0 


. 0-02 

82-5 


. 0-015 

CO 

»» * • 

, 0-012 

82-5 

.. 

. O-OI 

75-0 

Iron-bismuth . 

. o-o6 

78-0 

)> • • 

. 0-02 

90-0 


. 0*015 

92-0 

»» * • 

. 0-012 

9 T-t 

/> • • 

. 0-01 

94-6 


. o-oo86 

91-0 


Tlie efficiency of pure iron for the oxidation of ammonia 
is very appreci.xbly increased by the addition of cerium, 
thorium, bismuth, tungsten, or copper, the time of contact 
necessary for the production of the maximum yield of nitric 
acid varying with the particular promoter used. Thus the 
m..it favourable time of contact rs, under the conditions 
of the experiments, about o-oi second for iron-liismuth, 
0-015 second for iron-cerium, and 0-02 second for iron- 
thorium. In the case of lead, which apparently is not so 
efficient a promoter as some of the others, the yiidd of nitric 
acid is almost independent of the time of contact. 

With antimony as promoter a high yield was obtained to 
begin with, but after some time the results were much the 
same as with pure iron. The alkali metals, as typified by 
potassium hydroxides, appear to have little effect on the 
catalytic activity of iron, whilst calcium was found to reduce 
very considerably the maximum jdeld of nitric acid. The 
same result attended the employment of zinc and manganese 
as promoters. 
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It has been claimed * that by using thorium oxide, or a 
mixture of this with otlicr rare earth oxides, as catalyst, 
ammonia can be oxidizes! by air at a tempe-raturo between 
150" and 200'’, with a yield of 00 pt'r cent, of nitric or nitrous 
acids, and also - that when burnt pyrites (feirir oxide contain¬ 
ing a little cujiric oxide) is employed as the contact sub¬ 
stance at 600 -750". nitrous anhydride is the sole product 
of the oxidation ; this when absorbed by solutions of caustic 
alkahs yields the alkali nitrite. 

A yield of from 3 to 4 jier cent, by volume of oxides of 
nitrogen is said'* to be obtained by burning methane with 
air enriched with oxygen under high pressure, or by causing 
the mixture of gases to undergo flameless combustion 
through contact with a mass of zircon: tb.e consumption of 
methane is stated to be about 2-3 cub. metres per kilo of 100 
per cent, nitric acid. Another nu tliodfor the fixation of 
nitrogen in the form of oxides of nitrogen consists in passing 
a mixture of nitrogen and oxygen, such as air, over an 
oxidizing catalyst wtiirh is luated to a temperature above 
500“. The catalysis einploy'cd arc, in order of decreasing 
efficiency, the oxides of cobalt, manganese, c.liiomium, niekcl, 
barium, lead, and cerium; fuiely divided cojiper may also 
be used. The gases are preferably cooled immediately after 
passing over the catalyst by iiu'ans of a current of cold 
compressed air blown into the lube through which they 

esrijH;. 

In order to ron\'ert the oxides of nitiogen produced by 
the oxid.ition of ami'ionKi into mme acid, it has been pro¬ 
posed ^ to jiass a mixture of oxides of nitrogen, oxygen, and 
ozone, containing less than 74 per rent, of oxygen, over an 
oxidizing cat.ilyst containing nickel; the nitric anhydride 
produced ijy the reaction is absorbed by an aqueous solution 
of an alkali. 

As regards the economic side of the menufacture of nitric 
acid by oxidizing ammonia witli air, Maxted" jxiints out 

> I) R. P 2 :j_V 9- * 1OS272, 

^ iuul. zSiij.S^. ' Fr. P. ,(.^0218. 

‘ t!.S. V. 117S440. ' Lot. lit. 
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that, on account of the high velocity with which the gases 
arc passed over the heated catalyst, a relatively small con¬ 
tact chaiTib(;r snliices for the oxidation of a comparatively 
large quantity of ammonia ]X'r hour, and, moreover, since 
practically no power is required for the operation the actual 
manufacturing costs, exclusive of the cost of materials, 
should b(; low. The power recjuired for the production of 
one ton of nitric acid from ammonia should not exceed 0-015 
kilowatt-year, in addition to the cost of condensation and 
of concentration. ;\s regards the latter items also, the 
position is a favoural:)Ie one, for by the oxidation of ammonia 
gases arc obtained of a much higher concentration of nitric 
oxide than those jiroduced by the arc process. Accord¬ 
ingly much less tower space is required for their absorption, 
and mu.'h stronger solutions of nitric acid can be directly 
obtained without concentration; a solution containing 
from 50 to 55 per cent, of nitric acid is easily obtained from 
the towers as compared with 30-35 per cent, nitric acid in 
the arc jirocess. 

A recent pajicr ’ states that scwral large sets of sulphuric 
acid chambers have for more than a year been producing 
their normal output of acid without the use of nitre, the 
necesse.ry oxides of nitrogen being supplied by catalytic 
oxidation of ammonia. 

The catalysi einpio3'ed is pure platinum in the form of 
fine gaiii-.c four layers thick, the layers being sewn closely 
together so as to avoid spaces between them. A mixture 
of ten volumes of air and one volum(’ of ammonia is used. 
At the start of the process the catalyst is heated up by 
means of an electrically heated platinum spiral inserted in 
the apparatus in close contact with the gauze, and the 
mixture of gases is enriched with ammonia for a moment 
by turning 011 a small auxiliary supply. Once the reaction 
has started, with four layers of gauze and a sufficiently rapid 
rate of flow of the gases, the heat developed is sufficient to 
maintain the catalyst at the correct temperature to complete 
the oxidation without the necessity for any external heating. 

* Adam, Chem. Trade Jour., J918, 62, 181. 
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Reaction between ammonia and the oxides of nitrogen, 
resulting in the formation of water and nitrogen or nitrous 
oxide, takes place readily, hence any slip of ammonia through 
the gauze will cause a diminished yield through the occur¬ 
rence of such reactions immediately the gases leave the 
catalyst. However, with correct thickness of the catalyst 
layer and with proper adjustment of the rate of passage of 
the gases through it, complete oxidation of the ammonia is 
secured. A minimum time of contact of the gases with the 
catalyst is necessary. If the thickness of the layer of 
platinum is insufficient and the rate of flow of the mixture 
of gases slow, the temperature attained is not high enough 
to keep the catalyst active. With less than four layers of 
gauze the slip of ammonia is increased, whilst more than 
four layers give no increased yield ; no advantage is gained, 
but rather the reverse, if the layers of gauze are kept 
separate. 






Twenty years ago only a few catalytic methods for the 
preparation of organic compounds wi'rc known and still 
fewer were in use on the manufacturing scale; to-day, on 
the contrary, many of thi'se methods are firinly established 
not only in srientific laboratories but also in industrial 
establishments, and it is certain that in the future their 
practical applications will increase in number and in 
importance. 

Amongst such catalytic jirocesscs those which involve 
the use of free hydrogen—processes of In’drogenation—are 
of special interest, firstly because their discovery gave a 
decided impetus to resean'h in organic chemistry, and 
secondly because of their practical value. Previous to the 
development of these piocesses hydrogen in the free state 
was of little use as a reducing agent for carbon compounds; 
u'-ia!ly other reducing agents were' empio}'ed, and in cases 
where hy-drogen itself was the most suitable it was applied 
in the ■ nascent ’’ state. It has been found, however, that 
in presence of suitable catalysts hydrogen becomes available 
as a reducing agent in the case of a vi'i-y large number of 
different substances, and moreover that the direct addition 
of hydrogen to all sorts of nnsatiirated ('(.imjiounds containing 
ethylenic or acetylenic linkage's and evt'n to the nucleus of 
aromatic compounds is a process which entails no special 
difficulties. In this way many substances have been obtained 
which were hitherto unknown, or of which the preparation 
by other methods was e.xtremely difficult. 

It has been known for a long time that certain metals 
possess catalytic jiowcr, especially when in a finely divided 
State; for example, early in last century platinum black 

09 
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was proved by Davy to be capable of causing the union of 
hydrogen and oxygen. It was not until 1897, however, 
that any systematic study of the practical application of 
the catalytic proiHu ties of these metals was made. Since 
that year, in a senes of researches continued until the present 
time, Sabatier in conjunction first with Senderens, and later 
with other collaborators, has established and extended to a 
large number of cases a general method for the hydrogenation 
of volatile organic com])ounds based upon the use of certain 
metals in a fine stale of division, and particularly of nickel, 
as catalysts. Of recent years these and many other catalytic 
methods have been used in many laboratories, and have 
found extensive api)lications in research, whilst the value 
of such methods for manufacturing pur])oses finds ra])idly 
increasing recognition, as examination of the jiatent lists 
will prove. A detailed account of these methods is given in 
Sabatier’s book. La Calalvsc en Chimir Orfianiquc (1913), 
from wliich much of the information in the following pages 
has been derived. 


Ihdro^cndion in Gaseous Svslcins 

Sabatier and Senderens’ process consists essentially in 
passing a mixture of the vapour of the substance to be. 
hvdrogenated with excess of hydrogen thr -ugh a tube con¬ 
taining a metallic catalyst such as [ilatmum black, nickel, 
cobalt, iron or coptier, maintained at a suitable temperature, 
which is sometimes the ordinary tern[)erature, but generally 
lies between 150- and aoo'"; a teii'peratiire in the neigh¬ 
bourhood of 180' is freqii'-ntly the most suitable. 

The metals are used in a fine state of division, and, except 
in the case of platinum, are Lest prep.ared by reduction of 
their oxides with hydiogen in the tube in which the hydro¬ 
genation is to take place; this is desirable in order that the 
activity of the pyrophoric metal should not be impaired by 
exposure to the air. 'I'lie catalytic activity of the metals 
varies greatly according to the method of preparation 
adopted; an account of some of the best methods is given 
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in Chapter I. In order to expose an increased surface of 
the metal to the gases in the tube it is frequently advan¬ 
tageous to distribute it over pumice. This is easily done, 
lor example, by mixing granulated puntice with a thick paste 
of nickel'hydroxide and water, drying in the air bath, and 
reducing with hydrogen at 22o'’-3oo'. 

Of the five metals mentioned nickel is the most active, 
and, indeed, together with cobalt the only one capable of 
efhxting certain hydrog('nati(ins such as that of the aromatic 
nucleus; copper is the least active, whilst platinum and iron 
occupy an intermediate jiosition between cobalt and copper. 
Cobalt aiiparently may be used instead of nickel in all the 
reactions which the latter is capable of bringing about, 
but with little advantage, since its activity is less marked 
than that of nickel and m geneial higher temperatures are 
necessary when it is employed. Iron can also n-placc nickel 
in many reactions, but not in all For e.xaraple, it is possible 
to use that metal for reducing etliylenic hydrocarbons, acetyl¬ 
ene, aldehydes or ketones, but it is useless for transforming 
the mono\i(l(' or the dio.vide of cartioii into methane and also 
foi the fixation of hydrogen to the aromatic nuclous. Copper 
is also c.ipabie of jiroducing many reductions, though not 
i.ll, and 0.1 account of its clicapness and the ease with which 
il is obtained Irom its oxeie by reduction at it may 
become of commercial importance. It is an excellent metal 
to use lor the reduction of aromatic nitro-compounds to 
amino-compounds because its action is restricted to the 
NOj group, and docs not affect the aromatic nucleus. It 
may also be, used with advantage for the dehydrogenation 
of dilierent classes of compounds. The behaviour of copper, 
however, is sometimes entirely different from that of nickel. 
Platinum black may be used as a catalyst in the hydro¬ 
genation of a fairly large number of substances, even at the 
ordinary temperature. Its actiefty is superior to that of 
copper, but it deteriorates rapidly. For example, a mix¬ 
ture of ethylene with hydrogen is transformed into ethane 
in the cold when jiassed over platinum black, but after 
some time the slight dcjiosition of carbon on the metal 
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prevents the reaction from proceeding at the ordinary 
temperature and the apjdication of heat becomes necessary. 
The activity of sj)ongy platinum is much smaller. 

The hydrogen to be em]doyed in these reactions must be 
carefully freed from all traces of impurities such as sul¬ 
phuretted hydrogen, jihosphorettcd hydrogen, arseniuretted 
hydrogen and hydro,gen chloride which may be present if 
the gas is pre])ared by the action of metals on hydrochloric 
or siiljihuric acids. This may be effected by washing the 
gas with a fairly concentrated solution of caustic soda, 
drying with strong sulphuric acid, and then jiassing it first 
through a long tube containing copper turnings heated to 
low redness and finally through another long tube filled 
with fragments of sli.ghtly moistened potassium hydroxide 
to arrest acid vapours. If electr(.>lyti(' hydrogen is available 
it may be used after removing the small quantity of oxygen 
which it contains by passage through a short tube contain¬ 
ing copper turnings at a low red heat and then through a 
tube containing fragments of potassium hydroxide. 

In catalysis with the aid of nickel or other finely divided 
metals three stages can be observed, an initial period in which 
the catalyst adapts itself to its function, a period of normal 
action, and a jieriorl of decline. The first is usually of short 
duration, and doubtless corresponds with the superficial 
modification which the metal undergoes when first subjected 
to the action of the vapour of the substance and of the 
hydrogen. The second period is generally \'cry long and 
would probably be indefinite if it were possible to prevent 
entirely the introduction or the formation of substances 
capable of allerirg the surface of the metal, such as may 
easily be derived from the hydrogen or from the substance 
undergoing hydrogenation or may bi' produced in the 
reaction. Traces of sulphur, phosphonis, or arsenic com¬ 
pletely suppress the activity of nickel; for example, benzene 
winch has not been freed from all traces of thiophen cannot 
be transformed irto cyclohexane. Moreover, infinitesimal 
quantities of chlorine, bromine or iodine absolutely poison 
the metal, the presence of even a minute trace of bromine 
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in phenol, for instance, preventing the latter being changed 
into cyclohoxanol. 

With pure hydrogen and pure substances of sufficient 
volatility, the same specimen of nickel, if carefully prepared 
in the first instance, may be used for a long time, even for 
a month or more. Nevertheless, no matter what care has 
been expended in removing all cat.alyst poisons, sooner or 
later the activity of the catalyst begins to diminish, the more 
active the metal the more rajiid being tlie change. Traces 
of toxic matters introduced with the hydrogen or the sub¬ 
stance under treatment gradually accumidate, and most 
frequently sm,all quantities of non-volatile tarry matters 
are deposited on the surface of the metal, preventing con¬ 
tact with tin; gases and hindering the reaction. When a 
specimen of nickel wliidi has Ix'coine enfeebled is dissolved 
in dilute hydrochloric acid, there is always a fetid smell of 
hydrocarbons and a deposit of Lirown viscous matter. A 
similar effect is noticid when the reaction gives rise to sub¬ 
stances wliul'i are only slightly volatile at the temperature 
of the reaction and which gradually impregnate the metal 
and diminish its activity. For this reason it is desirable to 
avoid allowing the metal to Ixconu' wetted with the liquid 
undei treatment, which may be caused by using an excess 
of the substance or by a lowering of the temperature of the 
reaction tube. 

Hydrogenation in gaseous systems can only take place 
within a certain range of temperature. In practice a lower 
limit is imposed by the fact that both the substance to be 
transformed and that produced must be maintained in the 
state of vapour, and whilst up to a certain point increase 
of temperature accelerates the reaction yet beyond this, 
which sometimes is not far removed from the jxiint at which 
the reaction begins, there may be jirofound changes in its 
course. I'lius the conversion of benzene, C5H5, into cyclo¬ 
hexane, C,Hj 2, by the action of hydrogen in presence of 
nickel begins at 70 '; as the temperature is raised above this 
point the velocity of the reaction increases, and reaches a 
maximum at 180'"-200°; at still higher temperatures the 
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amount of cyclohexane formed gradually diminishes, and 
at 300° the action no longer takes place; on the contrary, 
at this temperature cyclohexane is decomposed completely 
into benzene and hydrogen or into benzene and methane, 
according to the equation : sC^Hj, = 2CjHb + 6CH4. 
Wlicn a compound is capable of uniting additively with 
several molecules of hydrogen it is sometimes possible, by 
choice of suitable temperatures, to carry out the operation 
in stages; thus anthracene, C,,TIio, is converted at 180° into 
the perhydride, and the decahvdride, at 200° 

into the oclohydride, Ci4lli8, and at 260'' into the tetra- 
hydride, Cx 4 Hi 4 . 

Hydrogenations which can be effected within a wide range 
of temperature, such as the addition of hydrogen to ethylenic 
compounds or the reduction of aromatic nitro-compoiinds 
arc easy to carry out. The most difficult arc those in which 
the maximum and minimum limits of temperature lie close 
together, as m the hydrogenation of the aromatic nucleus. 

The tube containing the catalyst is maintained at the 
proper temperature in various ways; an air bath, an oil 
bath, or even a furnace with suitable burners may be used, 
and a convenient airangement for electric heating has been 
described by Bruni'l.^ W’hatevci method be adopti.d, it 
is necessary to provide for easy regulation of the temperature 
and for uniform heating of the tube. 


Hydro‘'e<talion tn I mtad Sysle!:;s. 

Hydrogen in {iresence of catalysts can be used effectively 
foi the hydrogenation or reduction of organic compounds 
not only when these substances are in the state of vapour, but 
also in liquid systems, and many different processes have been 
devised for ajiplying the pnncijile to liquids. In certain 
cases these processes are preferable to that of Sabatier. 

The method of Ipatiev consists in heating the substance 
to be hydrogenated in presence of nickel or its oxide, or 
other metals such as copper, or their oxides, with hydrogen 
* Ann. Chim I'/ivi., lyoj (8), 6, .;<i5. 
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under a pressure of at least loo atmospheres. The tempera¬ 
ture necessary to bring about the reaction may reach 400°, 
and the pressure may exceed 100 atmospheres, and of course 
the necessity for the provision of apparatus capable of 
withstanding such high pressures and the risk of accident 
wliich attends their employment constitute, a drawback with 
respect to the general use of the process. 

The results of Ipatiev’s work, described in a series of 
papers appearing pnncipally in the Journal oj the Russian 
Physical and Chemical Society Irom igo6 until the present, 
are on the whole very similar to those obtained by Sabatier’s 
process. For example, the aromatic nucleus is hydrogenated 
in all cases, benzene at 230" being completely transformed 
into cyclohexane in an hour and a half; cyclohexane at 
300“ is decomposed into benzene, hydrogen, and methane, 
with deposition of carbon; aliphatic ketones are reduced 
to secondary alcohols, aromatic ketones to the corresponding 
hydrocarbons; salts of aromatic acids are largely trans¬ 
formed into their liexahydrides; najihthalene is converted 
into the tetraliydride and then to the decaliydride; quinoline 
yields chiefly the decaliydride; oleic acid at luo*" and 60 
atmospheres pressure is trtuisformed into stearic acid; 
camphor yields borneol at 330'. 

Other less active metals tliaii nickel can also be employed 
as catalvsts; thus iron at 350 -400" trtinsforms fatty alde¬ 
hydes into acids, and in presence of copper sodium cinnamate 
is converted into the phenylpropionate without hydrogena¬ 
tion of the nucleus. 

The nature of the metal of which the high-pressure vessel 
is constructed is found to exert an influence on the hydrogena¬ 
tion of compounds containing cthylenic linkages in presence 
of oxide of copper. Thus in an iron tube trimcthylethylenc 
is readily converted into isopentane, whilst in a copper tube 
the reaction is incomplete, an eciuilibratcd mixture of tri- 
moth ylcthylcnc, hydrogen, and isopentane remaining 

f ‘10 k 

in an iron tube, and in absence of oxide of copiier, no 
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hydrogenation occurs. Similar results are obtained with 
hydroaroinatic compounds. Further, hydrogenation in an 
apparatus made of phosjihor bronze, in presence of reduced 
copper, results in the establishment of an equilibrium, whilst 
if iron turnings are also present hydrogenation proceeds to 
the end.^ 

Tire high pressures employed by Ipatiev are not indispens¬ 
able for hydrogenation in Inpiid systems, since the process 
can in many cases be carried out at the ordinary pressure, 
and with very satisfactory results, by the employment as 
catalysts of platinum or palladium or of compounds of these 
metals such as their chlorides, or even of the commoner 
catalysing metals, r. g. reduced nickel or copper, or of their 
o.xides or other com[)ounds. 

Platinum and palladium arc used sometimes in the form 
of colloidal solutions, sometimes as platinum black or palla¬ 
dium black. There is a direct relationship betw'cen the 
catalytic activity of a metal and the e.xtent of its surface, 
consequently as a general imle the finer the state of division 
of the metal the more effective' it will be. Hence many 
attempts have been made to utilize metals in the colloidal 
state as catalysts of hydrogenation, since their activity 
should then reach a maximum. Ciilloidal solutions of 
platinum and of jialladium are not diflicult to prepare, and 
it has been found that their stability is cons derably increased 
by the presence of ceriain organir colloids, such as protalbic 
and lys.'dbic acids, proposed tiy Paal, or gum arable as 
suggested by Paal and Skita.“ 

In order to effect liyd.ogenation with the aid of platinum 
or of palladium in this form, an aqueous solution of the col¬ 
loidal metal is added to an alcoholic solution of the substance 
to be hydrogenated and hydrogen is [i.yssed in. The liquid 
must be kept agitated, and it is frequently of advantage 
10 work under pressures somewhat greater than atmospheric; 
the course of the reaction is aLo influenced by' changes 
in temperature. The results obtained are generally very 

’ Ipaticv, /. Russ. Phys Chon Sue., loio, 42 , 1557. 

’ Cf. Chaii. 1 - 
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similar to those produced by Sabatier’s method, but the 
aromatic nucleus cannot be hydrogenated by means of 
colloidal palladium. 

Palladium black or platinum black may also be used for 
hydrogenations, instead of coUoidal solutions of these metals. 
Thus it was proved by Fokin ^ that oleic acid can be con¬ 
verted into stearic acid at the ordinary temperature by tlie 
action of hydrogen in presence of either of these catalysts. 
It is due principally to the work of Willstattcrthat the 
process has become of almost general application. The 
substance to be hydrogenated is dissolved in ether or other 
suitable solvent, mixed with platinum black, in the propor¬ 
tion of one-third to oiie-thirticth of the weight of the sub¬ 
stance, and hydrogen led in, the apparatus being shaken 
continuously. By this method ethylenic linkages are easily 
saturated; aldehydes and ketones are reduced, even aro¬ 
matic aldehydes being transformed almost quantitatively 
into the corresponding alcohols, whilst the other methods 
of hydrogenation yield hydrocarbons; good results are 
obtained with aromatic hydrocarbons, which arc converted 
into cyclohexanes, and with the terpenes. As a general 
rule platinum appears to gi\'c more satisfactory results than 
Ijalladium. 

Hydrogenation of unsat mated compounds can also be 
eflecled in presence of comixmnds of the platinum metals 
without the aid of protective colloids.® A small quantity of 
a solution of palladious choride, or of any other soluble salt 
of a metal of the platinum group, is added to the unsaturated 
substance, which may be dissolved or suspended in a liquid 
if necessary, and the whole is exposed to the action of hydro¬ 
gen, preferably under increased pn'ssurc. The addition of 
a little of an acid is usually advantageous and dilute hydro¬ 
chloric acid is recommended, but this is not always necessary, 
since in many cases the reaction can be earned out by passing 

* J. Russ. Phys. Chem. Soc., 1907, 39 , 697. 

‘ iter., 1908, 41 , 1475, 2199; 1911, 44 , j.|35, 3in; 1912,46,1471; 
and later papers. 

“ Eng. P. 1899G (1912). 
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hydrogen through a mixture of the substance to be hydro¬ 
genated and a solution of ilic catalyst.* Moreover, it is not 
always necessary to use the catalyst in solution, since for 
certain purposes, and particularly for the hydrogenation of 
oils, a chloride of platinum or of palladium in the solid state 
mixed with a neutralizing agent such as anhydrous sodium 
carbonate may be employed.“ In this case the salts are 
preferably used in the fonn of powder. 

Another modification of the process is based upon the 
employment of colloidal soluti(jns of the hydroxides of 
metals of the platinum group.® These are ol'tained by 
treating a solution of a salt of the me tal with sodium carbon¬ 
ate in presence of gum arabic, and are found to be ('flicient 
hydrogen carriers in the hydrog(Tiation of unsaturatc'd 
compounds, the reaction being possible even in neutral 
solutions. 

Not only platinum and palladium but also the commoner 
catalysing metals, such as reduced nickel or co])i>er, and 
oxides or other compcninds of these metals may b(' employed 
for the direct hydrogenation of liquids, or of substances in 
solution m water or in organic solvents. This method of 
treatment is apjilied on fln' large <;cale in the hardening of 
fats,” and is also available in the case of many other organic 
compounds. 

The reactions produced by means of hydrogen in presence 
of reduced nickel or of other catulvsts may be classified in 
four groups.— 

(1) Reduction Without fixation of hydrogen; this class 

included no reaciioii.s of technical importance. 

(2) RediKtion effected with fixation of hydrogen, as, for 

instance, the reduction ol aromatic nitro-cornpounds 
to amines. 

(3) Hydrogenation projx'r, 1'. e. the direct addition of 

hydrogen to unsaturaied eompouiids, which may be 
c.xemphlied by the hardening of fats. 

» Eng. 1 ’. 2S75.1 (lyi.!). « U.S. r. 1023753. 

•> Eng. P. 162S3 (i 9 r 3 )' 
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(4) Hydrogenation effected with decomposition of the 
molecule of the substance under treatment, which 
frequently occurs when hydrocarbons are exposed 
to high temperatures. 

liEuucTioN IN Gaseous Systems 
Producliun of Mclhanc. 

The direct synthesis of methane from its elements can be 
effected, although with difficulty, by lu-ating jmre charcoal 
in hydrogen at a temperature between 1100 ' and 1200°.1 If, 
however, a niixtim; of charcoal and finely divided nickel 
is used instead of charcoal alone, the reaction takes place 
much more readily and at a far lower tem[)crature. The 
eiiuilibrium beiween carbon, hydrogen and methane in 
presence of metallic nickel, at temperatures between 470'"’ 
and 620', has been studied in botli directions, that is to say, 
starting either from methane or from its elements, and from 
the results obtained it has been calculated that at a pressure 
of one atmosphere, the jiroportion of methane present is 
9878 per cent, at 250 ', 51-16 per cent, at 5j6', and i-2i 
per cent, at 850 '.- 

A simple method for the synthesis of methane is afforded 
by the direct n-diiction of carbon monoxide by hydrogen 
in presence, of nickel: CO + = CII4 + lIjO. The 

reaction begins at about 180 '--200 ' and proceeds rapidly 
without complications at 250 -2505 If the theoretical 
mixture of one volume of carbon monoxide and three volumes 
of hydrogen is used the reaction is practically comjilete and 
the methane obtained almost pure. The catalyst is not 
sensibly altered, and will serve to bring about the reduction 
for an indefinite period. At temperatures above 250’ a 
secondary reaction occurs, namely, the conversion of carbon 
monoxide into carbon choxidc and carbon : 2CO C + CO,, 
which arises from the special effect exercised by the finely 
divided nickel on the monoxide under those conditions. 

* Bone and Coward, Chon Soc. Tram., 1908, 93 , i 975 - 

* Mayer and Altmaycr, her., 1907, 40 , 2134. 
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With the aid of nickel as catalyst carbon dioxide also is 
easily converted into methane by the action of hydrogen ; 
CO2 -i- 4I h - + 2H2O. In this case the reaction only 

begins at about 2^0 It is rapid at 300", and up to 400° 
does not present any appreciable complication. If an excess 
of hydrogen is employed the carbon dioxide is almost com¬ 
pletely converted into methane, hence the reaction affords 
a method of preparing pure methane.* The mixture of gases 
produced is freed from the last traces of carbon dioxide by 
treatment with caustic alkalis, dried, and cooled by means 
of a refrigerator containing liquid air; the methane is then 
condensed to the liquid state whilst the excess of hydrogen 
escapes. 

The production of metham; by such methods can be util¬ 
ized for the, preparation on the industrial scale of a gas 
rich in methane, with a high calorific power and suitable 
for heating or for incandescent lighting. Various patents 
covering this have been taken out, of which the following * 
will serve as an example. 

Water gas containing approximately equal volumes of 
carbon monoxide' and of hydrogen is passed over nickel 
heated to .qoo'-soo'’; all the carbon monoxide disappears, 
being converted partly into methane and jiartly into carbon 
dioxide, whilst carbon is deposited on the nickel. The 
resulting mixture of gases, after removal of the carbon 
dioxide, may contain bo loer cent, of meth.'Lnc. The mixture 
of nickel and finely divided carbon which is jiroduced during 
this stage of the iirocess is then heated at 400 -500° in a 
current of steam, which lends to produce hydrogen and 
carbon dioxide, which in turn interact with formation of 
a certain proportion of methane. The final product is a 
mixture of hydrogen, methane, and carbon dioxide, and after 
removal of the last there remains a mixture less rich in 
methane than that produced in the first stage, but still of 
high calorific power. The process regenerates the nickel, 
which can be used over again. 

In practice the two stages of the process can be carried on 
* Fr. r. 350.(71. * Ibid. 355900. 
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simultaneously. Finely divided nickel, heated to a tempera¬ 
ture between 400 ’ and 500“, is exposed to the action of a 
mixture in proper proportions of water gas and superheated 
steam. A mixture of methane, hydrogen, and carbon dioxide 
is obtained, from which the last is separated. If the water 
gas and steam are sufficiently purified, and especially if they 
are passed over copper turnings lieated to about 600° before 
coming into contact with the nickel, the metal retains its 
catalytic activity for a practically indi'linite time. It is 
easy to obtain a gas containing 48 per cent, of methane and 
52 per cent, of hydrogen, and, unlike coal gas, no appreciable 
quantity of the highly toxic carbon monoxidi'. The reaction 
may be represented by the following equation : — 

5(a) -b ly + H/) = 2CH4+ -iHa -b 3CO,; 

in practice three volumes of water gas yield one volume of 
the mixture of hydrogen and methane. 

The production of methane from water gas has also been 
studied by Vignon,' who has found that when a mixture of 
water gas and steam is passed over heated lime methane is 
produced, whilst the proi>ortion of carbon monoxide in the 
gas is, of course, reduced and that of hvdrogcii increased. 
At temperatures below 850' calcium carbonate is formed, 
bu* at higher tenifi'-raturos the calcium carbonate is decom- 
jxised, and the resulting mixtun- of gases lontains carbon 
dioxide also. Small quantities of otln-r hydrocarbons such 
as ethylene arc likewise formed. Iron filings, copper turnings, 
silica, magnesia, or alumina may be used in place of lime. 
Above qoo‘' lime acts as a cataly'st in the following reactions, 
to which Vignon ;ittributes the presence of methane in water 
gas;— 

(1) 4 C 0 -b 2 FU) -gCO^-f CH,: 

(2) 2CO 2H., =CJd4d CO.,; 

(3) CO,-b4H2 =011, ballA 

Further experiments in this direction showed that the 
reaction between steam and heated carbon, which results 
* Fr. P. ^16699,409907. 
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in the formation of water gas {-C + HjO = CO + Hj), 
takes place more rapidly and at a lower temperature if a 
mixture of carbon and lime is used instead of carbon alone, 
and that the gas produced contains methane as well as 
hydrogen and carbon monoxide. Hence the original pro¬ 
cess was modified as follows : Steam is passed continuously 
through a cluinber p;icked with an intimate mixture of 
about 100 pints of coke and .150 parts of ciuicklime, heated 
from without to a temperature between 600 and Soo“'; the 
formation of water gas and the conversion of the carbon 
monoxide in the wiitiT gas into mi'thar.e arc ihus realized in a 
single apj'aratns worked continuously. 

Vignon has attempted to devise a scheme' for the complete 
gasification of the carbon of coal so as to produce a combus¬ 
tible ga-i umtaming a low percentage of carbon monoxide. 
In this process hme is added to coal, and the whole distilled 
at a temperature between 900' and • whereby a yield 
of about 12,000 cub. ft. of gas I'er ton of coal is obtained. 
Steam is then passed over the residnid mixture of coke 
and lime, heated to 900 -looo', which inercases the yield of 
gas to about 72,000 cub. ft. per ton of coal treated. The 
mixed gas has the approximate composition, hydrogen 
70-78 per rent., methane 15 20 per cent., carbon monoxide 
5-10 per cent. The calorific value is only slightly inferior 
to that of coal gas, the \olume obtained r from eight to ten 
limes greater than thal yielded !'}' snnjile distillation of the 
coal, and practirally all the nitrogm of the coal is converted 
into amraoni.'t. 

iU'dinlion ol A>o:;tii!lc Niiro-comjwip.ds. 

lor some years jiust strenuous efforts have been made to 
ascertain the most favourable werkmg conditions for reducing 
aromatic iiitro-compounds with liydrogcn or with gaseous 
mi.xturc'S containing hydrogen in the prcsc-ncc of catalysts. 
These reactions are carried out at temperatures sufficiently 
high to maintain tlic nitro-compounds in the state of vapour, 
* Cf. I'l. 1 '. 
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sometimes under increased pressure in the presence of water 
vapour and sometimes at the ordinary pressure and in 
absence of water. 

Sabatier found reduced copper to be a bettor catalyst than 
other metals for tlu; reduction of nitro-com])ounds by means 
of hydrogen, because its action is very regular and does not 
extend to the aromatic nucleus. Nitrobenzene is thus 
transformed into aniline at temperatures above 230“; 
C5H5NO2 + 3II2 -CjilsNIIj T sIl./J. The reaction is rapid 
between 300“ and /|00', and provided that excess of 
hydrogen is present the aniline produced contains only 
traces of nitrobenzene and of azobenzcnc. The yield is 
98 per cent, of the theoretical, and the same catalyst can 
be used for a long time. The hydrogen may be replaced 
by water gas, since the carbon monoxide present in the 
latter plays a useful part, being partly oxidized to carbon 
dioxide.‘ 

The toluidiui-s can be prep.ired equally well from the 
nitrotolueiies uiuicr similar conditions, and o-nitronaphtha- 
lene is easily converted into u-naplithylamine at 33o“-35o" 
and the chloronitrobenzenes into chloroaminobenzenes at 
360"-380" 

Other proposed methods for the preparation of aromatic 
Uirmo-compounds include the following :— 

Nitro-compounds are reduced by hydrogen or by mixtures 
of hydrogen with other gases, such as carbon dioxide or 
gases containing carbon dioxide, in presence of water and a 
catalyst under high pressure and at a temperature above 
the boiling point of the amine produced. Iron is used as 
catalyst.^ 

Nitro-compounds volatile in steam are carried in the state 
of vapour by this medium, together with hydrogen, over 
catalysts heated to temperatures considerably below the 
boihng points of the compounds. For example, nitrobenzene 
is heated to 120" and a mixture of steam and hydrogen is 
passed through the liquid. The resulting gaseous mixture 
is passed through a long tube half tilled witlr finely divided 
* IT. P. 3i.!0i5. ‘ It- It- T- 282492. 
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nickel and heated to 120'’, and the issuing vapours arc con¬ 
densed. The yield of aniline is almost theoretical. ‘ 

The use of a catalyst in the form of copper together with 
an activator for the reduction of nitro-conipounds by hydro¬ 
gen has also been protected. The copper is prepared by 
ignition of a salt of the metal or by reduction of a salt with 
hydrogen or with carbon monoxide at temperatures below 
a red heat; suitable salts are such as give indifferent gases 
on heating, r.g. the formate, oxalate, or nitrate, or mixtures 
of copper salts with ammonium carbonate. The copper 
may be used us such, or distributed on pumice, asbestos, 
or kieselguhr, with the addition of activators such as alkali 
compounds or metallic oxides such as magnesia or alumina. 
The reduction of the nitro-coinpound should be carried out 
at or below 200 ; at higher temperatures imjiure products 
are obtained and the acti\’ity of the catalyst may decrease." 

A later patent ^ prescribes different methods for the 
preparation of a suitable catalyst. For example, a hot 
solution of caustic soda is added gradually to a solution 
containing 1180 gr. of copper nitrate crystals, 38 gr. of 
silver nitrate and 252 gr. of magnesium nitrate crystals, 
and the precipitate, is waslied and niixial with 130 gr. of 
pumice stone in lumps and a small quantity of water; 
20 gr. of a 40 per cent, solution of sodium silicate are then 
added, and the pasty mass obtaineil ;; heated at 200° 
m a current of hydrogen Aniline is obtained when a 
mixture of hydrogen and the. \aponr of nitrobenzene is 
passed over fins catalyst at a tcinperalnre of 200 -210“. 

Pumice coated with .silver or with gold is said to be an 
effective c.ifaly t for the reduction of nitrobenzene by hydro¬ 
gen at temperatures of 230" and 23o''-25o‘’ respectively,^ as 
also are ferrous oxide, or the magnetic oxide of iron, mixed 
with asbestos or kieselguhr; the oxides are not reduced 
during the process.'’ 

The u.se of carbon monoxide, or gases containing carbon 

r I). ]?. I . J8J40J. * lb}d. 282568. 

» En-;. I’. 5692 (1915). * 1 >. K. F. 263396. 

* Fr. P. 462006. 
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monoxide, together with water vapour at comparatively low 
temperatures for the manufacture of aniline, other aromatic 
amines, or other compounds by catalytic hydrogenation 
has also been protected.^ As an example, the vapour of 
nitrobenzene mixed with an excess of a reducing gas contain¬ 
ing at least one volume of water vapour for each three 
volumes of carbon monoxide is i)assed over a contact mass 
containing copper. The tcm]>era<ure is maintained at 
200°-220” during the rc;duction, and a good yield of aniline 
is obtained. The catalyst may be prepared by coating 130 gr. 
of pumice with a mixture of gr. of copix-r carbonate, 
27 gr. of zinc carbonate, and 20 gr. of commercial sodium 
silicate solution, and reducing at a low temperature. 

/i-Aminoptu'nol can be ]ircparcd from />-nitrophenol by 
catalytic ri-duction in jiresence of nickel,^ and it is also 
stated that with copper as tlic catalyst aliphatic nitro-com- 
^xiunds arc reduced by hydrogen at temperatures between 
180 ’ and 200 ', giving good yields of the corresponding 
amines. 


Ra’iiction of Aldehydes and of Ketones. 

R( suits which may prove to be of technical importance 
h-'vc been obtained by subierting aldehydes and ketones 
to the action ot hydrogen in jiresence of nickel at high 
tempciatiires, when, especially in the case of the latter 
comfiounds, the i>CO radicle is reduced to the ^CHOH 
radicle. 

In this manner aliphatic aldehydes can be transformed 
into primary alcohols at tcmjieratun's below ifeo , as a rule 
without the formation of a'condary products; aromatic 
aldeh3'dcs, on the other hand, tend to 3’ield hydrocarbons. 
Bcnzaldehyde, for example, when hydrogenated at a tem¬ 
perature between 210 ’ and 235^, gives a mixture of benzene 
and toluene, with a certain projxirtion of their hexahydrides. 

Aliphatic ketones being more stable than aldehydes when 
in contact with nickel can be reduced with the formation 
1 Eng. P. 6409 (1915). ’ 16936 (1912)- 
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of secondary alcohols. No other products such as pina- 
cones are fonned, as is the case when ketones are reduced 
by means of sodium amalgam and water, and since the yield 
is usually almost <]uantilative, the method is a very advan¬ 
tageous one. Thus isopropyl alcohol can be prepared very 
economically by passing a mixture of the vapour of acetone 
and hydrogen over nickel heated to a temperature of 
Ii5"-i25": CH3-CO-CH3+ - CHj-CHOH-CHj. Equally 
good results are obtained with higher ketones; at tempera¬ 
tures above 200however, the reaction takes a different 
course, and, instead of alcoliols, mi.xtuies of higher ketones 
are produced. Cyclohexanone is readily converted into 
cyclohexanol, with production of only a small (piantity of 
cyclohexane, by hydrogenation below iSo'. .Mixed ketones 
such as acetophenone do not give alcohols, but the corre¬ 
sponding hydrocarbon in tin- case quoted, ethylbenzene— 
and if the nickel is active hj'drogcnation of the aromatic 
nucleus also occurs. 

Reduction in Lnn'ii) Systems 
Preparaiion of Indigo While from Indigolin. 

The methods of reduction illustrated in the preceding 
pages are all carried out at high temperatures, but it is not 
in all cases ncccssa.'‘y that the substance to be reduced should 
be in tlie stale of va[)our wlien 1 xposed to the action of 
hydrogC'ii in preseiic(> of a catalyst. For instance, aldehydes 
and ketones can be reduced untt.-r high jiressure, by Ipatiev’s 
method, with results very similar to those obtained when 
the compounds are in tire state of wipour, and also by 
subjecting them to the action of hydrogen at the ordinary 
pressure in presence of pkitinuin or p;iiladium in colloidal 
solution or of platinum black. The last-named catalyst is 
particularly valuable, since with its aid the aromatic alde¬ 
hydes, which yield hydrocarbons when hydrogenated by 
the methods aheady described, are easily and completely 
reduced to the corresponding aromatic alcohols.^ 

* Vavon, Compt. rend., 1913, 154 , 359. 
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Moreover, it has been found tliat the hydrogenation or 
reduction of hquids may fre quently be effected through the 
catalytic action of common metals, especially nickel, without 
recourse to high temperatures or pressures. The proportion 
of active nickel employed may be as low as from o-i to 0-05 
per cent, of the weight of the liquid in some cases, and the 
method is applicable to various classes of compounds. 
Thus by this method it is possible to n.‘duee benzaldehyde 
to benzyl alcohol, aei topiienone to phenyhru'thyl carbinol, 
/)-nitrophenol to /i-ammophenol, and /)-nitroaniline to 
/)-pbenylenediamine: oi, again, to liydrogmiate compminds 
containing ethylenic hnka.ges, surh as cinnamic arid and 
isoeugcnol. 

Th<‘ {irocess, in its originai form,' is earrieii out by passing 
hydrogen, or a gasious mixture containing hydrogen, into 
the substance to be treated, wliuh is either in the liquid 
form or in soluti"n 01 suspenbion in a suitable liquid, in 
presence of the active metal. I'lie mixture is agitated 
vigorously, and the velocity' of the reaction is increased by 
wi'i'king under pn ssure, although extremely high pres.stires 
an' not necic-saiv. I’oi example, phenol containing 1 pt'i' 
cent, of reduced nickel, and heated to too -igo , is treated 
with hydiogen under a piessure of io-t,s kilos pier sq. cm. 
i; the mixture is thoroughly agitated the whole of the 
phenc'l is converted into eyclohe.xanol ;— 
t^HcOIiq. .;lL-=t,,Ilj,-OH. 

The process can be niodifii'd by addition of catalysts of 
flit second order, or of acids or alkalis, etc., so as to alter the 
speed of the reaction or to produce different results. Ihus 
the reduction ot nitrobenzene by the aid ol reduced nickel 
leads to the formation of aniline alone when the original 
method is emjrloycd, but when sodium hydroxide is also 
added azoxybenzenc is the principial jiroduct; this in turn 
is reduced to azobenzene, which can be further leduccd to 
hydrazobenzene, in each case if alkali is piresent; in neutral 
media azoxybenzene is converted into aniline. Vigorous 
^ Brochet, Compi. re^ni.f 191^, 158 , 1351'. 159 , 19 ^, 
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shaking is preferably substituted for the high pressure first 
recommended. 

An important application of the process is the reduction 
of indigotin or indigo blue to indigo white : ^ 


C,H,^ 


/NH\ 

/ )C ; C 

co/ 


/XH^ 


c„u. -f If, 


\ CO 


NH 


VlOH)" 


\c - 
/ 


NH 






Indigotin suspended in a dilute solution of sodium hydroxide 
is rapidly reduced by hydrogen at a temiwrature between 
6 o" and 8o in the jiresence of active nickel, the emulsion 
being well agitated. The catalc'st can be separated by 
filtration, and the solution of indigo white thus prepared 
is free, from any e.xcess of the reducing agent, which is 
present, for instance, when the reduction is effected by 
an alkali hydrosulphite. The activity of the nickel for this 
reduction is retained even after immersion in water for one 
year. The reaction may be accelerated by heating under 
pressure. 

The process is applicable to the production of leuco-dcriva- 
tives of other vat dyes, and yields these substances free 
from the reducing agents employed in the older vats; 
nothing but an alkali salt or the like, added to promote 
tlie icduction, remains. In the case of indigo the caustic 
alkali may be replaced by lime, or even a neutral vat may 
be employed; in the latter case, however, the reaction 
is much slower. The iirocess may be so adapted as to 
produce indigo white in the form of a concentrated solution 
or a paste. 

These results are very suggestive, inasmuch as a diminu¬ 
tion in the alkalinity of the vat would increase the value 
and widen the range of application of vat dyes. 

In this connection it may be noted that according to an 
older patent ^ the reduction of indigo to its leuco-derivative 
is facilitated by adding a small quantity of Induline Scarlet 

* Fr. P. 473530: Eng. P. 19848 (1914). " D. R. P. 29918. 
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cither to the alkaline vat or to the dye itself. Indigo is also 
rendered more easily reducible by the addition of benzyl 
sulphanilic acid to the vat.^ 


Preparation of Formic Acid from Carbonic Acid. 

Free formic acid is obtained directly by reducing carbon 
dioxide with hydrogen under high pressure in presence of 
water and a catalyst:— 

IlO CO OH + H, -.H COOH J-II^O. 

Thus, when 150 gr. of water containing 3 gr. of palladium 
black in suspension are vigorously agitated by the injection 
of a gaseous mixture containing 64 per cent, of hydrogen 
and per cent, of carbon dioxide under a pressure of no 
atmospheres, the teinperatiin- being maintained at 20", a 
1 per cent, solution of formic acid is obtained. Under 
higher pressures the yield is considerably greater.^ 

Formates also are obtainable on a commercial scale by 
the action of compressed hydrogen on aqueous solutions of 
tncarbonates in pn'sence of catalysts;— 

f. g. HO COONa f H2 - ITC.OOXa + H,(). 

\ 75 per cent, yield of jxitassiiim formate is obtained by 
passing hydrogen under a pressure of 60 atmospheres 
vigorously through 200 r.c. of a 5 per cent, solution of 
potassiiinn carbonate containing i'5 gr. of jialladium black 
at a temperature of 70' ; a 70 fier cent, yield of sodium 
formate is obtained in eight hours by passing simultaneously 
hydrogen and carbon dio.xide at 3'’ atmospheres pressure 
through a solution of borax of similar concentration in 
presence of the same catalyst; calcium formate is pre¬ 
pared from the carbonate by mixing it with water and 
palladium black, and then passing in carbon dioxide at 
20 atmospheres and hydrogen at 5® atmospheres pressure 
for several hours.“ 

* Eng. r. 18761 (1910). “ 9762 (1915). 

3 Ibid. 801 (1915). 
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Electrolytic Reductions. 

In the reduction of carbon compounds by electrolytic 
processes it is often observed that the material of which the 
cathode is composed has an influence on the velocity of the 
reactions: not infrequently this may be attributed to a 
catalytic action. For example, aromatic nitro-compounds 
in alkaline susiiension are reduccal to amines most advan¬ 
tageously when a copper cathode is emplo^'ed, whdst, on the 
other hand, the reduction of pyridine to piiieridim- proceeds 
considerably more rapidly when the cathode is of lead. 
In many other cases there is no doubt that the reduction 
process is facilitated by the addition of suitable catalysts 
to the cathi'dic electrolyte. 

The electrolytic nduction of aromatic nitro-coinjxninds 
in solution in sulidiuric or hvdiochloric acid usually leads to 
the formation of aininophenoK, but. undi r definite condi¬ 
tions, also gives amines as the sole products if an mdifteient 
cathode made of platinum, lead, or carbon is used, and if 
at the same tune a small quantity of another metal or of 
a metallic salt, esiiecially tin or copper, or a salt of these 
metals, is added to the cathodic electrolyte. For c.xaniple, 
aniline is obtained from nitrobenzene under the following 
conditions : the anode cornpartinent contains 30 per cent, 
sn'phuric acid; the cathodic liquid is a .ooled mixture of 
iz parts of nitrobenzene, 75 volumes of fninmg hydrochloric 
acid, 50 volumes of w.ifi r, and i parts of stannous chloride. 
The cathode is made of nickel gauze, current 1000 amp. 
per sq. metre at 8-5 vid.ts. When the hist lot of nitro¬ 
benzene is reduced more is added and the process continued. 
If a platinum cathode is used the ad.dition of metallic copper 
or of a salt of copper or of iron to ttie cathode electrolyte 
is recommended.' 

Titanium salts may also be used as catalysts in the reduc¬ 
tion of nitro- or of nitroso-compounds, and in this case no 
diaphragm is neccssaiy. Thus the preparation of /i-di- 

’ D. R. P. 116942 and 117007. 
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mcthylphenylcne diamine is effected by the electrolytic re¬ 
duction of j!i-nitrosodimcthylanilino dissolved in 11 per cent, 
sulphuric acid which contains 2 per cent, of titanous sulphate; 

/\ 

a nickel cathode is used.' I | 

\/ 

NO 

The production of benzidine from azobeiizcnc is easily 
effected by an electrolytic method when titanium salts are 
used as catalysts. The azobcnzcne is suspended in 30 per 
cent, sulphuric acid containins; lo per cent, of titanous 
sulphate; a lead cathode is used with a current of 3-4 amp. 
per sq. dcm. at 3-4 volts. Instead of the titanous salt, 
vanadium trio.side," in the pnqiortion of 2 parts of the oxide 
to 100 parts of sulphuric acid, is an effectn'c catalyst;— 


K(CH,), 

/\ 

I 1 
\/ 

Nllj 


(■HyN.N-C„ll, 


11, -C„IlyNHNH (V,H, - 

NTI,Cell4Coll4'NH2. 


In a similar manner azoxybenzene may be reduced to 
hydrazobenzene.’ 

The electrolytic reduction of aromatic nitro-compounds 
lo azo- or hydrazo-coinpoiiiids takes jdace smoothly if an 
rdkaline solution of a yilumbite is used with a lead cathode, 
even if the iiitro-cotupound is only suspended in the liquid. 
In presence of fiiielv divided lead or of compounds of lead 
the reduction of nitro-coiiipounds to hydrazo-compounds 
also takes place readily:—' 


C,H^NO, 

CeH^-NO, 


+ 3 ".- 3lhO+ : 0 ; 


C.HcN 




li + Hj - 


Cdh-N, C,H,-N 

I ;0+Ih-.H,0+ Hi 
CHcN C,H.-N 


CoHi-Nll 


1 D. R. P. 168273. 4 . 

» In oxidation jirocesscs the lii"hur oxides of vanadium act as 
catalysts, in processes ot reduction on the other hand the lower 
oxides. 

“ D. R. P. 168273 and 17 -J 65 t. 

‘ Ibid. 81129, 121899, and 141535 
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Reduction with Sulphurous Acid. 

The reducing action of sulphurous acid is in many cases 
promoted by the presence of hydriodic acid. For example, 
in preparing benzidine from azobcnzenc very small quan¬ 
tities of hydriodic acid a^rve to bring about the reduction 
of large quantities of the azobenzene through the action of 
sulphurous acid. 

Forty-five parts of finely ground azobenzenc are suspended 
in 230 parts by volume of aqueous hydrochloric acid of 
sp. gr. I-18 and 3 ])arts of potassium iodide are added. 
Sulphur dioxide is passed through the mixture, care being 
taken that tlii' benzidine sulphate which separates does not 
carry down with it unattacked azobciizene. At the begin¬ 
ning of the reaction the sulphur dioxide is very quickly 
absorbed. When the reaction is complete, the benzidine 
sulphate is removed and the liquid used again. 

Hoinologucs and derivatives of azobenzene, such as azo- 
toluene, azoanisole, and azobcnzene-sulphonic acid, can also 
be reduced by this method.' 


Reduction with Iron and an Acid. 

It is well known that in the reduction of aromatic nitro¬ 
compounds to amines by the action of iron and an acid, the 
q.iantity of the acid which is necessary is much less than 
that theoretically required. If iron and hydrochloric acid 
arc employed the rediu tion of ’htrobenzene is effected on 
the rnanulactiiring smle with not more than of the 
quantity of acid calculate.d from the equation— 

4 - 3Fe -i- 6HC1 == CJIs-NHj ■+ sFeCla -f zMf). 

This fact finds an e.xiilanation in the catalytic activity of 
the ferrous salt which is produced. 

There is di'ference of opinion as to the course of the 
reaction, but rrany chemists hold that the ferrous salt 
in solution is converted into a basic salt at the expense of 
1 D. R. P. 172569. 
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the oxygen of the nitro-compound, which undergoes reduc¬ 
tion, and that the basic salt in turn reacts with the iron in 
such a way that ferrous chloride is regenerated;— 

24Fea2-|-4CcH5 N02 1 4ILO - leFcaCljO-f-4CJIji'NlL. 

i2Fe,Cl40 + =dl'c3^),, -f 24FeCl2. 

Another explanation of the reaction is that the ferrous 
chloride produced acts as a carriiT, and the reduction 
proceeds through the action of iron and water; 

C5II5NO2 + aFe + ()HCI CJfjNll.. -h if’cClj 4 - aH^O. 

CcHs-NOj-f 2Fe I- 4ll.,< ) ■ 2Fe(0H)j. 

Tlie velocity of the reaction depends upon the quantity 
of ferrous chlond(' present, and also varies with the amount 
of acid in the solution. 


Reduction with Ihdrosulphites and formaldehyde 
Sulpho\y!atcs. 

In discharging a number of dyes employed in pattern 
printing on textile fabnes, the addition of a ca: ilyst to the 
reducing agent has been found to increase its efficiency 
in a very marked manner.' Naphtliylamine Bordeaux, 
I'aranitranihne Ked, ( hloranisiiline Orange, o-Nitrotofuidine 
Yellow, Dianisidine Black, Chrysoidine Bistre and analogous 
compounds arc dischargi'd by means of neutral or slightly 
alkaline pastes containing sodium formaldehyde' sulphoxylate 
along with a metal, metallic oxide, or metallic salt, which 
cither itself is a reducing agent or is capable of acting as a 
carrier of the reducing power of the sulphoxylate; the salts 
of iron, e.g. ferrous sulphate or ferric chloride, arc preferred 

as catalysts.^ j + 

Somewhat later the remarkable discovery was made that 
the effect of the colour discharging agent is much intensified 
by the addition to it of small quantities of certain dyes 

1 Baumann, Tliesniar, and Hug, J. Soc. Chem. hut.. 1906. 26 , 
371, (,89. 

» Eng. P. 15521- 
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themselves. For example, sodium hydrosulphite (hypo¬ 
sulphite) employed in a neutral medium, e. g. in the iiresenco 
of dextrin and glycerol, gives an imperfect discharge on 
tissues dyed with a-Nai)hthj'Iamine (laret, but complete 
discharge takes plact' nadily when certain basic dyes, for 
instance, Thioniuc Blue, Aiiraminc, or Khodamine 6G., are 
added to the mixture, ^^'itll sodium formaldehyde sulph- 
oxylate also some dyes appear to have a catalytic effect in 
promoting the discharge of colours; those which have been 
found to act most powerfully in this direction are Setopaline 
and Nitroalizarine; Rhodamine G. and Acridine Yellow act 
in a similar manner, but their effect is not so marked.* 

AcDiTicrN OF Hydrogen to U.ssatufated Compounds in 
G.’.seous Svstem.s 

Hydrogenalion oj Olefines and their Derivatives. 

Sabatier and Senderens discovered that when nickel is 
used as the catalyst compounds containing the ethylenic 
linkage are very readily attacked by hydrogen and con¬ 
verted into saturat''d comiioimds. 

Ethylene itself, in presence id linc-ly divided nickid, begins 
to unite with hydrogen at temperatures above 30''; the 
reaction, which iiroceeds with evolution of heat, yields 
ethane as sole product: ClEiCHj 4 Ilj --Cll3'CH3. The 
hydrogen is ra]>idly absmbecl at ijo''-r5o''; if an excess is 
used all the ethylcni' is hydrogenated, but if an excess of 
ethylene is presort the product ;s a mixture of ethane and 
ethylene from which the latter can be readily separated, 
e.g. by the action of bromine, leaving pure ethane. At 300“ 
and upwards the nickel has a destructive effect on the 
ethylene, which is decomposed with deposition of carbon 
and production of a mixture of methane with varying 
quantities of hydrogen together with a certain proportion 
of higher hyd’-ocarbons condensible to the liquid state. 

The higher olefines are similarly transformed into 
paraffins if the temperature does not exceed 160°, but above 
* Wilhelm, J. Sac . Chem. Ind., 1906, 26 , 690. 
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this point, and particularly towards 300°, there may be 
partial fission of the carbon chain with formation of 
paraffins containing a smaller number of carbon atoms and 
of a small proportion of more complex hydrocarbons. 

Alcohols, aldehydes, ketones, acids, etc., of the olefine series 
can also be converted by this process into saturated com¬ 
pounds. 'flius if the vapours of oleic and are carried by a 
vigorous current of hydrogen over nickel heated to a tem¬ 
perature of 280 -300^ the oleic acid is rapidly transformed 
into stearic acid. 

These experiments have found at least one technical 
application in the preparation from ethylene of ethane, 
wliich was required for use in a refrigerating machine.^ 
Purified ethylene mixed witli hydrogen in equal volume 
was ])assed through tulns containing finely divided and 
freshly reduced nickel. 'Ihe. tubes, four in number, were 
one metre in length; the fiisr two tubes were coupled 
parallel with each other, and the gas issuing from each of 
these was mixed and passed through the other tubes coupled 
in series. I'hi' efiameter of the tubes was fixed by experi¬ 
ment, so that with a certain velocity of the cu.rent of gas 
the heat produced by the combination of the ethylene with 
the hydrogen was insufficient to raise the tcrairerature to 
■“he point at vdiich ethane begins to decompose. With a 
current of 2 cub. metres per liour a suitable diameter was 
7-5 cm.; with the same velocity of current and increased 
diameter of the tubes, cooling was found to be necessary. 
The requisite temperature. 200'", can be maintained with 
very httle external heating. At atmospheric pressure the 
formation of ethane was not quantitative, the best samples 
of the gas containing about 80 per cent, of ethane, 10 per 
cent, of ethylene and to per cent, of hydrogen. Since the 
formation of ethane by the union of ethylene with hydrogen 
is attended by a diminution in the number of molecules, 
it must necessarily prove advantageous to bring about the 
combination of the gasts under increased pressure, but it 
found that when equal volumes of ethylene and of 
1 Spreiit, J. Soc. Chem. hid., 1913, 32 , 171. 
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hydrogen were used under these conditions, the sudden 
rise of temperature resulting from the combination of so 
much of the gases in a limited space made the control of 
the operation uncertain and precarious. Complete success, 
however, attended the use of the mixture of gases contain¬ 
ing about 8o per cent, of ethane alluded to above. This 
mixture was collected in a gasometer and by means of a gas 
compressor passi'd through an iron autoclave filled with 
fragments of pumice stone saturated with nickel, at a pres¬ 
sure of from 30 to 40 atmosjiheres. The issuing gas, pure 
ethane, was liquefied in a steel cylinder. It proved advis¬ 
able to work with a slight excess ot hydrogen, which can 
be removed by opening the valve of the cylinder contain¬ 
ing the liquid ethane. With the small plant described, 
25 kilos of ethane could be made daily. 

Before bringing the ethylene into contact with the catalyst 
it must be carefully purified. With this object it is recom¬ 
mended * that the gas should be freed from known contact 
poisons, and then thoroughly washed with concentrated 
sulphuric acid in order to remove other jioisons of undeter¬ 
mined composition. It is advis<able after this treatment to 
pass tlie purified gas over solid sodium hydroxide in order 
to remove traces of sulphur dioxide. 

Hydro"cnalioii oj Acetylene. 

Wlicn a mixture of hydrogen with a small proportion of 
acetylene is passed over reduced nickel at the ordinary 
temperature, the metal becomes w,inn, Iht' elevation of 
temperature corresponding with the proportion of acetylene 
in the gas. With a mixture of two volumes of hydrogen 
and one volume of acetylene the terajierature of the fore¬ 
most portion of the column of nickel‘may reach 150“. At 
the same time the contraction of the gas is greater than 
that which would follow from the formation of ethane 
(CHiCH 2H2 = CHj'CHj)^ ijjQ volume being reduced to 
one-fourth of the original, although a little unchanged 
* D. R. P. 265297. 
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acetylene and some ethylene due to incomplete hydro¬ 
genation remain. This arises from the fact that a con¬ 
siderable proportion of higher paraffins, of which a part may 
be condensed to the liquid slate, is also jnoduced. 

In presence of excess of hydrogen ethane is almost the sole 
product of the reaction, but if the proportion of acetylene is 
increased the metal becomes hotter, the liquid products are 
formed in increasing quantity, and the presence among 
them of aromatic and hydroaromatic hydrocarbons can be 
proved. 

It is claimed * that ethylene may be jirepared by the 
action of hydrogen on acetylene— 

ClliCH -f IIj ^CHjTIL 

in presence of a catalyst composed of at least one metal of 
the platinum or of the palladium family, together with one 
of the following metals : iron, nickel, cobalt, silver, mag¬ 
nesium, zinc, cadmium, and aluminium. The catalyst is 
used in such a form that an adequate free surface of each 
of the metals is exposed to the mixed gases. The commoner 
metals act as protective agents for the rarer metals since they 
com bint' more readily with any impurities present in the gases. 


Hydrogenation oj Aromatic Compounds. 

The preparation and investigation of the hydrogenated 
aromatic (hydroaromatic) compounds is of very great im¬ 
portance, if only on account of their close connection with the 
“ naphthenes ” found in petroleum and with the naturally 
occurring terpenes and camphors. Until recently the direct 
hydrogenation of the aromatic nucleus has always been 
considi red extremely difficult to carry out; it is true that 
many hydroaromatic compounds have been obtained by 
indirect methods, but their direct formation from aromatic 
compounds, which is now possible through the application 
of Sabatier and Senderens’ reaction, is of the greatest 
service to chemists. In the great majority of cases the 

* D. R. P. 253160. 
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hydrogenation of the aromatic nucleus by hydrogen in 
presence of reduced nickel takes place at a temperature of 
about 180"’, most freciui'utly without the occurrence of any 
secondary reactions, anti consequently the products are 
obtaint'd in very good yields. 

When a mixture of the vapour of benzene and hydrogen 
is passed over Imcly divided nickel at 170"-igo', the benzene 
is raj)idly transformed into cyclohexane. The condensed 
cyclohexane tisiudly contains a small proportion of benzene 
II H; 

/S /'x 

lie (,H II ,C CIIj 

I 'I ! 

lie eii ii,c CH; 

'■'e^ ^e/ 

U II2 

which has escaped hx'drogenation, but this's easily removed 
by shaking the liquid with a mixture of 1 volume of fuming 
nitric acid and z volumes of concentrated sulphuric acid, 
which docs not attack the cyclohexane. 

The hydrogenation of benzene begins at 70" and proceeds 
with increasing velocity as the temperature is raised up to 
about 200“; above 200° and especially towards 300'' there 
is practically no fonnation of cyclohexane, but on the other 
hand some of the benzene is decompos 'd ,nto methane and 
a little carbon is dejiosited on tlu' metal. 

The homologues of In.nzene beliave in a similar way. 
Below 250'' toluene, the xylenes, mesitylene and other homo- 
logucs containing none but methyl gioups give in almost 
quantitative yields the corresponding methyl derivatives 
of cyelohexanf'. In the case of aromatic hydrocarbons 
with longer side chains tliere is always produced, in addition 
to the normal product, a larger or smaller proportion of 
saturated hydrocarbons with shorter side chains; for 
example, ethylbenzene yields cthylcyclohexane and some 
methylcyclohexane, and propylbenzene gives propylcyclo- 
hexane together with some methyl and ethylcyclohexanes. 
The amounts of these secondary products increase with 
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rise of temperature, and it is, therefore, important to carry 
out these hydrojenalions in the neighbourhood of i8o°. If 
the temperature is raised to 300° Ihe formation of these cyclo¬ 
hexane derivatives diminishes and then ceases, because, as in 
the case of benzene its(!lf, the reverse action of dehydrogena¬ 
tion sets in and becomes more rapid as the temperature rises. 

Not only the aromatic hydrocarbons but also a number 
of their derivatives can likewise be converted into hydro- 
aromatic comj)ounds. Phenol at 180' is easily hydrogenated, 
yielding cyclohexanol, CjIInOH, containing only small 
quantities of unaltered phenol and of cyclohexanone and 
cyclohexane; thymol and carvacrol give good yields of the 
corresponding methvlisoproj)ylhexaiiols at i8o''-i85“ and 
i93‘-20o“ respectively; esters of the aromatic acids, but 
not the free acids themselves, arc readily converted into 
esters of the corresponding acids derived from cyclohexane. 

Finally, the more complex hydrocarbons such as naphtha¬ 
lene, anthracene, and {dienanthrcne, and also heterocyclic 
compounds, for example, ])yrrole, pyndine, quinoline and 
carbazok', all undt'rgo hydrogenation at suitable temperatures 
under the catalytic influence of nickel. The applications of 
the reaction are indeed very numerous and very varied. 

U'lUUOGENATION IN LiqUIU SYSTEMS 

As has been pointed out already the combination of un¬ 
saturated compounds with hydrogen can be brought about 
with the aid of cataly'sts not only when the compounds are 
in the state of vapour, but also when they are in liquid form 
or in solution in suitable solvents, either at the atmospheric 
pressure or under increased pressure. Undoubtedly many 
applications of this method of hydrogenation will prove to 
be of technical value, but liitherto the attention of chemists 
has been largely given to two of these, namely, the hydrogena¬ 
tion of oils and hquid fats and the hydrogenation of alkaloids. 

Hydrogenation oj Alkaloids. 

During the last few years many patents, of which the 
following will serve as examples, have been taken out which 
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cover the reduction of alkaloids by means of free hydrogen 
with the aid of a catalyst. It is quite probable that the 
medical propi-rties of the products thus obtained will render 
some of them at least of importance as drugs. Certainly 
the properties of these products differ considerably from 
those of the original alkaloids; thus, for example, the 
physiological effects of dihydromorjihine are more lasting 
than those of morphine itself. 

Strychnine dissolved in dilute acetic acid containing a 
httle of a I per cent, solution of jialladious chloride and of a 
solution of gum arabic of similar strength is reduced by 
hydrogen under two atmospheres pressure to the dihydride, 
and under three atmospheres to the tetrahydride. Brucine 
under similar conditions yields the dihydride.^ 

Hydrides of the cinchona alkaloids are prepaieil by treating 
the alkaloids with hydrogen in presence of a colloidal metal 
of the platinum group.- The colloidal solutions of these 
metals may be replaced by the metals themselves, which 
are best used when in a finely divided condition or deposited 
on an inert substance. For instance, i part of platinum 
black is added to a solution of 250 parts of <iuinine sulphate 
in 1400 parts of water and 40 parts of sulphuric acid, and the 
mixture is shaken with hvdrogcn under a slightly increased 
pressure until it is stable towards [icrmanganate. After 
filtration the solution is neutralized when h it, when hydro- 
quminc sulphate will at once sep.arate in fine needles.’ 

Under similar conditions morphine and codeine 5deld 
dihydro-derivatives,'* w’hilst diliycliocodeinc may be also pre¬ 
pared by the motliylatimi of dihydn'moriihine. The latter 
compound can ta obtained not only from morphine but 
also from the mixture produced by hydrcigenating opium.’ 

Colchicine treated with hydrogen in_ presence of finely 
divided platinum or of a colloidal solution of the meta,l 
yields a reduction product, probably the tetrahydro-deriva- 
tive, which is less toxic than colchicine itself.® 


* D. R. P. 230724. 

’ Eng P. 3948 (1912). 
‘ Ibid. 278107. 


» U S. P. 9S9664. 

* 1 ). R. P. 2O0233. 
' Ibid. 279999. 
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In presence of colloidal platinum, pyridine and its homo- 
logues when dissolved in acetic acid are reduced to hexahydro- 
pyridine, etc., by hydrogen, at the ordinary pressure or at 
pressures up to two or three atniosiiheres and at temperatures 
between 25“ and 45“. Hydrogenation of the cinchona alka¬ 
loids, although presenting greater difficulties, can also be 
effected in this way. According to the character of the treat¬ 
ment quinine or dihydroquinine is converted into hoxahydro- 
cinchonidine and dodecahydrocinchonidine. The same 
hcxahydro-compound was also obtained by reduction of 
dihydrocinchonidine. Similarly, by hydrogenation of quin- 
idine and cinchonine a hexahydrocinchoninc was prepared.* 

The suboxides of nickel, copper, iron, or cobalt may also be 
used as catah'sts of hydrogenation in aq uoous or alcoholic solu¬ 
tions of unsaturated comjioimds. For example, quinine hydro¬ 
chloride, morphine, and cinnamvl-cocaine undergo reduction 
when treated with hydrogen in presence of tlu'se substances.* 

In an alternative mi'thod for the reduction of alkaloids 
the use of free hydrogen is dispensed with, the reducing 
agent being nascent hydingon liberated by the decomposition 
of formic acid in presimce of finely divided metals of the 
Iilatinum group (IlCOOll = llj COj). For example, 
100 parts of a z per cent, solution of formic acid are added to 
20 parts of quinine bisul])hate and then 0-4 part of platinum 
blacf. introduced. Decomposition of the formic acid begins 
at once, and when the evolution of the carbon dio.xide has 
ceased the liquid is liltered and neutralized with ammonia; 
on cooling the sulphate of dihydroquinine separates. In a 
similar manner morphine, codeine, and the other opium 
alkaloids may be converted into dihydro-derivatives.* 

Hydrogenation of Oils (“Hardening of Fats"]} 

• Of late years the demand for hard fats has been consider¬ 
ably greater than the natural supply, and consequently 

‘ Skita and Brunner, Her., lorO, 49 , 1507. 

- Eng. P. 21883 and 2:948 11914). 

“ Ibid. 10204 (1913) and 14247 (1913). 

' Eor detailed inform.ition on tlii.s .subject readers are referred to 
Carlcton Ellis's book, I he. Hydrogenation of Oils (1914). 
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any satisfactory method for the conversion of oils or liquid 
fats into solid fats is of great industrial importance. 

The solid fats are cliiefly composed of tripalmitin and 
tristearin, the glycerides of the saturated palmitic and 
stearic acids respectively, whereas in fatty oils and liquid 
fats there is a preponderating proportion of tnolein, the 
liquid glyceride of the unsaturated oleic acid. Theoretically 
the transformation of liquid oleic acid into solid stearic acid 
is an extremely simple process, consisting in the addition of 
two atoms of hydrogen to the molecule of the former ; 
CH,-(CH2)yCH;CH-({H2),COOHd-H2 = CH3-(CH„),j-COOH. 
Equally simple is the conversion of the liquid glyceride 
triolein into the solid glyceride tristeann:- 

C3H,(00C-C,,HJ3 + 3IL = C3H,(OOC-C\,Il3,)3. 

For many years chemists have sought for commercial 
methods for the preparation of valuable solid fats from 
relatively cheap materials such as whale oil, fish oils, etc., 
of which the use was necessarily more or less limited; for 
instance, the loathsome taste and smell of whale oil rendt.'rcd 
it unfit for food or for soap making, alth<jugli, of course, it 
could be used as a source of glycerol. It is, however, only 
within the last twenty years that practical methods of 
hardening oils have Ixam discovered, and these are based on 
the discovery by Sabatier and Sendcrens that unsaturated 
compounds can be hydrogenated by treatment with hydrogen 
in presence of nickel or of other metals possessing catalytic 
activity. 

The first patent ^ dealing with the hydrogenation of oils 
in the liquid form claims that this may be effected by expos¬ 
ing the fat or the fatty acid in a liquid condition to the 
action of hydrogen and the catalytic substance. ‘‘ For 
instance, if fine nickel powder obtained by reduction in a 
current of hydrogen is added to chemically pure oleic acid, 
then the latter heated over an oil bath, and a strong current 
of hydrogen is caused to pass through it for a sufficient length 
of time, the oleic acid may be completely converted into 


> Eng I>. 1515 {i9r,3) 
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stearic acid. The quantity of the nickel thus added and the 
temperature arc immaterial, and will only affect the duration 
of the process. Apart from the formation of small quantities 
of nickel soap, which may be easily decomposed by dilute 
acids, the reaction passes off without any secondary reaction 
taking place:. The same nickel may be used repeatedly. 
Instead of pure oleic acid coiTiinercia! fatty acids may be 
treated in the same manner. The same method is applicable 
not only to free fatty acids but also to their glycerides 
occurring in nature, that is to say, the fats and oils. Olive 
oil will yield a hard taUow-hke. mass; imseed oil and fish oil 
will give similar results. By the new method all kinds of 
unsaturated fatty acids and glycerides may be easily hydro- 
gem/cd. It is not necessary to em[)loy pure hydrogen for 
the purpose of the present invention; commercial gas 
mixtures containing hydrogen, such as water gas, may be 
used.” 

Several of the statements made in this claim stand in 
need of correction, and the following points may be noted. 
As has been ]>omted out already the activity of a metallic 
catalyst d('pends very lai'gr'ly uj'on the way in which it 
IS prepared, and therefore it is of importance to select 
methods of preparing the nickel or other metal to be used 
vvhtch will yield a very pure pioduct in a suitable physical 
condition. Moreover, both the catalyst itself and the hydro¬ 
gen, or mixture of gases containing hydrogen, employed 
in the process must be most carefully freed from such im¬ 
purities as destroy the activity of the catalyst. The poisons 
most to be feared are sulphur, phosphorus, and arsenic and 
their volatile compounds, chlorine and the other halogen 
elements, ammonia and oxides of nitrogen, oxygen, which 
oxidises the catalyst and impairs its activity, and the em- 
pyreumatic substances formed in the preparation of water 
gas. In addition, the ([uantity of catalyst employed has a 
decided influence on the results of the operation. With 
each catalyst there is a certain quantity which gives the best 
results, and which must be determined by experiment in 
each case. For instance, in experiments with linseed oil 
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containing 0-5 per cent, of nickel there was practically no 
absorption of hydrogen even at a temperature of 250°; witli 
I per cent, of the catalyst absorption was slow at 180°, and 
increased rapidly as the temperature was raised to 250°; 
with 5 per cent, of nickel absorption at 180° was much 
greater than with i per cent, at 250°. 

As regards tlu-, temperature at which the process is carried 
on, it is generally the case that addition of hydrogen to an 
unsaturated compound can only be brought about effectively 
within a well-defined range of temperature, and that some¬ 
where within this range lies the temperature at which satura¬ 
tion takes place with maximum velocity. For a number of 
fatty oils this temperature is approximately 180 ', when 
nickel is the catalyst. 'lire velocity of the reaction falls 
when the temperature is raised above this point, but less 
rapidly than wlien it is lowered. Hence in operation on 
the large scale it is better to maintain the temperature 
slightly above rather than below the jioint of greatest 
velocity, unless the character of the oil necessitates working 
at as low a temiierature as possible. Rapidity of treatment 
is specially desirable in the case of edible oils, when pro¬ 
longed contact with the catalyst introduces the danger of 
solution of the metallic material to an objectionable degree. 
The range of temperature varies with each catalyst; plati¬ 
num and palladium in certain forms may I'C used below loo"', 
nickel between 160'' and 200'', oxide of nickel and copper 
at about 200 and upvvanls; much, of course, depends upon 
the phj'sical state of the catalyst. 

Contrary to a very general opinion, it docs not appear 
necessary that the mixture should be violently agitated in 
order to bring the catalyst into contact with the hydrogen, 
for once the catalyst is wetted with the oil there can be 
no actual contact with the gas. Apparently the hydrogen 
reaches the catalyst by dissolving in the oil. On the other 
hand, agitation of the mixture secures the rapid replacement 
of more saturated by less saturated portions of the oil. 

ITie use of nickel in a number of different forms has been 
protected; these include nickel powder, nickel in the form 
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of extremely thin films or plates, nickclized asbestos, nickel 
deposited on pumice or other indifferent support, kieselguhr 
or other inert pulverulent carrier impregnated with nickel, 
and wood charcoal incoqiorated with or coated with the 
metal. An interesting method’ for the production of a 
very pure and active form of the nickel depends upon the 
decomposition of nickel carbonyl (Ni(CO),) into nickel and 
carbon monoxide. This compound, which is prepared by 
the action of carbon monoxide on reduced nickel at a low 
temperature, is soluble in oil, and is very readily taken up 
by gases, and undergoes decomposition when heated to 
about 200“. In a])pl\’ing the comixmnd on the practical 
scale, carbon monoxide is passed through a tube containing 
finely divided nickel and then into the oil, which is main¬ 
tained at a temperature of about i8oT After sufficient 
of the catalj'st his been filmed by decomposition of 
the carbonvl, th-' current of carbon monoxide is cut off, 
the temi>erature raised to 220'-24o", and hydrogen then 
introduced. 

According to a modified form of this process hydrogen 
containing from 5 to 10 per cent, of carbon monoxide, which 
may easily be prejiared from water gas. is passed over reduced 
nickel, vliich need not be pure but may be such a mixture 
us is obtained in the reduction of nickel ores. The mixture 
of hydrogen and any desired proportion of nickel carbonyl 
thus produced is ]iassed into the substance to be hydrogen¬ 
ated at a temperature between 220° and 240°, when the 
carbonyl is decomposed with liberation of a particularly 
active form of nickel. Ihc proportion of carbonyl required 
is very small, excellent results having been obtained with a 
quantity corresponding with o-i part of nickel in 100 parts of 
oil. Fresh quantities of the carbonyl are always passing into 
the oil, and the nickel appears to act in the nascent condition 
at the moment of decomposition of that com[)ound. It is 
claimed that this process offers great technical advantages 
over the preceding one, in so far that tlie liberation of nickel 
occurs in presence of the hydrogen and the oil. 

1 D. R. P. 241823. - Eng. P. 189S8 (1912). 
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Not only nickel itself, but oxide of nickel or other metallic 
oxides may be used as catalysts, in quantities amounting 
to about I per cent, of the weight of the oil. In this case the 
hydrogen may be employed cither alone, or mixed with 
oxygen or air, and a higher temperature than the usual, 
viz. about 250“, is recommended.' In another process * a 
metallic compound, for example nickel carbonate, is reduced 
by hydrogen undc:r such conditions that the metal in the 
product exists, as far as possible, in the form of one or more 
suboxidcs. The product of the reduction of nickel carbonate 
is more active as a catalyst the lower the temperature of 
reduction; a range of temperature between 230“ and 270“ 
appears to be the most suitable. The product may be 
collected for immediate use in the oil to be hydrogenated, or 
it may be collected in water, filtered, dried in air, and then 
prepared for use by heating in hydrogen for one to two hours 
at i8o“. The suboxide catalyst may also be prepared by 
heating finely divided reduced nickel in air or oxygen 
diluted with carbon dioxide at a temperature between 300° 
and 400°. 

Bedford and Erdmann ® point out that the hydrogenation 
of oils with finely divided nickel has the disadvantage that 
the catalyst is sensitive to small quantities of air and to 
traces of chlorine and of sulphur compounds, of which the 
latter may be developed from the protein always present 
in both vegetable and animal oils. They have found, 
however, that the oxides of nickel are capable of acting as 
hydrogen carriers at afmospheric pressure, and possess the 
advantage over nickel of being relatively insensitive to gases 
containing oxygen and compounds of sulphur; moreover, 
the hydrogenation proceeds with much greater velocity 
than with nickel. With the higher oxSdes a temperature of 
about 250" is required, but with the suboxide i8o°-20o“ is 
sufficient. When the h.igher oxides are used they become 
partially reduced to the sulioxide, which forms a colloidal 
suspension in the oil; hence a nickel oxide catalyst becomes 

* U.S. P. 1026^39 Eng. P. 4702 {1912). 

» J pr. Chem., 1913, 87 , 425. 
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more active after it has been used. No reduction of the 
oxide to metallic nickel occurs during the process, although 
in absence of oil tliis begins to take place at 190“. Nickel 
soaps are formed only to a slight extent. Other oxides, for 
example, cupric oxide and ferrous o.xidc, are capable of 
acting as catalysts, but are not so efficient as nickel oxide; 
the activity of the latter is increased by the addition of small 
quantities of the oxides of aluminium, silver, zirconium, 
titanium, cerium, lanthanum, or magnesium. 

In connection with the statement that the metallic oxide 
used as catalyst docs not undergo reduction to metal during 
the process of hydrogenation, it should be noted that some 
chemists hold a diltercnt ojiinion. Thus Normann and 
Prings * have found that various unsaturatod oils are readily 
hardened by hydrogen at temperatures between 200“ and 
250'" in presence of the oxide, liydroxide, carbonate, or for¬ 
mate of nickel, added in the proportion of i per cent, of the 
weight of the oil; but that in each case the formation of 
metallic mckel takes place. On the average the catalyst 
after hydrogenation was proved to contain from 4 to 7 per 
cent, of the metal. Rapid hardening was also elfected by 
means of a nickcl-kieselguhr mi.xture, prepared by reduction 
at 500“ and containing about 4 per cent, of the metal. 

Other propos'd catalysts include nickel, cobalt, copper 
or ircT; salts of organic acids, t’.g. the formates, acetates, or 
lactates,^ and soaps of heavy metals or of noble metals made 
from a fat or a fatty acid having a higher melting point 
than that of the saturated compound to be produced.® 

The rarer metals or their compounds have also been pressed 
into the service of the oil chemist. One patent * recommends 
platinum or palladium chlorides (PtCl^, PtCl4, H^PtCl,, 
KoPtClj, PdClj, etc.) mixed with a neutralizing agent such as 
anhydrous Na/Oj to prevent the formation of free acid. 
The salts in the state of powder are mixed with the fats or 
fatty acids, and h5'drogen is allowed to act on the mixture, 
which is continuously stirred, at temperatures below 100° 


* Chem. Zeit., 1915, 39 , 29. 
= Eng. P. 18310 (1912). 


■- P S. P 1081182. 
* U.S. P. 1023753. 
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and preferably under a pressure of several atmospheres. The 
salts may also be used in conjunction with the platinum 
metals deposited on carriers devoid of anticatalytic action 
such as copper or magnesium carbonate. In a short time 
the solid hydrogenation product is obtained. Very small 
quantities of the salts, w'hich must be present in the solid 
form during the ])rogress of the reaction, arc sufficient to 
bring about the reduction of large quantities of fats or fatty 
acids by hydrogen; for example, 17 parts of palladium 
chloride, equivalent to i part of palladium, in presence of 
hydrogen will convert 10,000 j)arts of fat or fatty acids into 
solid masses within throe or four hours. When reduction 
is completed the platinum metals or their compounds can 
be easily separated and used again. 

The time reipiircd for the ri'duction depends upon the 
amount of the salt added and the pressure under which the 
hydrogen is caused to act. The following example of the 
method may be quoted : 1,000,000 parts of castor oil or of 
oleic acid arc mixed with 34 parts of dry PdClj ( = 20 parts 
of Pd), or with 140 parts of dry PtCU ( = 100 parts of Pt), 
or 172 parts of PtClj, or 230 parts of HjPtCl,, in each case 
with or without the equivalent quantity of anhydrous NujCOj 
The. mixture is placed in a pr(;ssure vessii from which the 
air is exhausted as completely as possifile, and hydrogen 
is then admitted under a pressure of two or three atmo¬ 
spheres. The mixture is kept in motion by stirring apparatus, 
and the vessel headed to a temperature of about 80'', although 
reduction may also lx carried out at lower temperatures. 
When the pressure gauge indicates only a low pressure, 
more hydrogen is admitted; when the gas pressure remains 
constant for a considerable period the reaction is complete. 
The reduction product is freed from fhe catalyst in a filter 
press which can be heated. 

Patents have also been taken out covering the use of aque¬ 
ous solutions of compounds of metals of tlu' platinum group, 
usually with addition of hydrochloric acid; • of the metals 
iridium, rhodium, rulhenium and osmium, either in the 
' U.S. P. 1063746. 
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metallic state or in the form of a lower hydroxide; ‘ of 
mixtures of oxides, hydroxides, or carbonates of two or more 
of the metals nickel, cobalt, copper, or iron, or of one or more 
of these with finely divided platinum, palladium, or silver, 
or with silver oxide, which when mixed with the oil enable 
reduction and hydrogenation to be effected simultaneously 
at lower temperatures than hitherto possible; “ of catalysts 
of greasy consistency containing inorganic metallic colloids, 
prepared by incorporating solutions of divalent salts of metals 
of the platinum group with such substances as wool fat or 
the alcohols obtainable therefrom, and adding an alkali 
carbonate to form the colloidal lower hydroxide of the 
metal; instead of alkali carbonates alkali salts of the higher 
fatty acid (t. c. soaps) may be used.’ 

Since liquid fats and fatty acids are essentially cheaper 
than solid fats or fatty acids, the ability to prepare from the 
former a fatty body of almost any desired di'grce of consist¬ 
ency or hardness renders hydrogenation a process of great 
impiortance for the production of edibk' fats and of materials 
for soap making and for jiurposes of lubrication. As regards 
edible fats the addition of less than i per cent, of hydrogen 
suffices to convert cotton-seed or other vegetable oils («. g. 
p.ilm-kemel, soya-bean, pea-nut oils) into a fatty body of 
ai least the consistency of lard, and the product from cotton¬ 
seed oil has the advantage of being very stable in character. 
The oil may be directly hardened to the consistency of lard, 
care being taken to employ an oil as nearly neutral as possible 
in order to prevent dissolution of the catalyst, and to avoid a 
high temperature during the process, so as not to impair tlie 
flavour; or, alternatively, a large proixirtion of the original 
oil may be thickened by admixture of a small quantity of a 
relatively hard hydrogenation product. So far as digesti¬ 
bility is concerned, even whale oil ajipcars to be fit for use 
as a food after being hardened. At the same time a point 
which requires consideration is that an oil hardened by a 
process involving the use of nickel as a catalyst always 

* Fr. P. 4257:29. ‘ Eng- P- *^ 9 ®’ 12982 (J912). 

» U.S. P. 1077891. 
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contains small quantities of the metal, and it is just possible 
that even these minute quantities—a few milligrammes per 
kilo of fat—might produce injurious effects. 

As regards soap making the great advantage of the hydro¬ 
genation process is that materials which formerly could only 
be used for the preparation of soft soaps can now be converted 
into materials from which hard soaps can be produced. 
Even fish oils and whale oil are available for this purpose, 
because tht.'y can be completely deodorized by the action of 
hydrogen. Moreover, hardened oils seem likely to be used 
largely in the future for lubricating purposes, and in the 
tanning industry sti'arm produced by hydrogenation is 
being employed instead of oleo-stearin. 

Hydrogenation accompanied by Decomposition. 

In the hydrogenation of unsaturated compounds in the 
state of vapour, with nickel as the catalyst, the metal 
frequently promotes another kind of change, namely the 
decomposition of the molecules of the original substance 
into simpler molecules or groups of atoms which in turn may 
unite with hydrogen, or even when the temperature is 
high enough and the proportion of hydrogen in the system 
small, into carbon and hydrogen. This elfect always occurs 
during the hydrogenation of hydrocarbons of all classes if 
the temperature is sufficiently higli, and in general at temper¬ 
atures above 300“. Even benzena and other cyclic hydro¬ 
carbons tend to break down at temperatures of 30o“-35o° into 
smaller molecules, principally methane. 

When acetylene is hydrogenated in the cold or at low tem¬ 
peratures, the production of ethane is accompanied by that 
of small quantities of higher gaseous or liquid hydrocarbons. 
This is probably due to the acetylene being broken down into 
CH groups, which by union with hydrogen foim CH*. CH3 
or CHj grouDs; these in turn can unite with each other in a 
variety of ways. By carrying out the reaction at 200° for a 
considerable time Sabatier and Senderens obtained a liquid 
consisting principally of pentane and its homologues together 
with small quanrities of olefines and traces of aromatic 
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hydrocarbons. In its composition, and also in density, 
odour, and fluorescence this hquid closely resembled 
Pennsylvanian petroleum. By passing acetylene unmixed 
with hydrogen through a tube containing reduced nickel and 
maintained at a temperature between 200" and 300°, the 
same observers obtained another liquid consisting principally 
of hydroaromatic hydrocarbons, and very similar in character 
to Caucasian petroleum. On these facts they have formu¬ 
lated a theory of the fonnation of natural petroleums. 
Assuming that in the interior of tlic earth large masses of 
the alkali and alkaline earth metals exist, together with the 
carbides of these metals, and that these substances come 
into contact with water vapour, hydrogen and acetylene 
respectively would be formed. If the mixture of gases con¬ 
tained hydrogen in large excess, then on its coming into 
contact with nickel, cobalt, or iron at temperatures lower 
than 200 ’ American petroleum would be formed together with 
large quantities of combustible gases (hydrogen, methane, 
ethane, etc.), sucii as are met with at Pittsburg. If the 
acetylene contained only a small projiortion of hydrogen 
there would result iirincipally hydroaromatic hydrocarbons, 
or Caucasian petroleum. Intermediate conditions would 
give rise to the petroleums of Galicia or Roumania. 





CHAPTER V 

DaiYUUOGENATION 

Those metals which catalyse the combination of hydrogen 
with other substances are also cajiable, under different 
conditions of temperature, of exercising catalytic influence 
in promoting the opposite reaction of dehydrogenation. 
Thus it has been known for long that iron, copper, gold, silver, 
and platinum greatly accelerate the thcnual decomposition 
of ammonia into its ehunents, and that the temperature at 
which acetylene breaks down into carbon and hydrogen is 
greatly reduced if the reaction is carried out in presence of 
spongy platinum, or of reduced iron, cobalt, or nickel. 

The most elhcient catalysts of dehydrogenation are the 
active metals, and in a lesser degree certain metallic oxides 
and salts, among which anhydrous aluminium chloride 
occupies a prominent jiosition; carbon also is a catalyst in 
reactions of this kind. 

The reactions of dehydrogenation brought about with the 
aid of such catalysts may be classified in four groups :— 

(1) The regeneration of cjcfic compounds from their 

hydrogenated derivatives, or the formation of other 

unsaturated hydrocarbons, by loss of hydrogen. 

(2) The degradation of hydrocarbons. 

(3) 1 he production of aldehydes and ketones from primary 

and secondary alcohols respectively. 

(4) ITic formation of cychc compounds through loss Of 

hydrogen. 

Dehydrogenation 0/ Hydrocydic Compounds. 

The regeneration of the more stable cychc comixiunds from 
the products obtained from them by hydrogenation takes 
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place more or less readily if the latter substances are heated 
to sufficiently high temperatures, and is greatly assisted by 
the catalytic action of reduced metals, particularly nickel. 
In presence of this metal cj'clohcxane and its homologues 
and derivatives, for example, cyclohexanol and cyclohexyl- 
amine, begin to lose hydrogen at temperatures above 270" 
with formation of benzene or a corresponding derivative 
of benzene; as a rule the hydrogen set free reacts with a 
portion of the hydrocarbon in such a way that methane or 
other simpler hydrocarbon is also produced : c.g. gCJIij = 
2 CjHo -f- 6CH1, The hydrides of naphthalene and other 
complex hydrocarbons behave in a similar manner; jiipcridine 
between 180 and 250 ' is completely converted into pyridine, 
even in presence of hydrogen; tetrahydroquinoline at 180'^ 
yields a certain quantity of quinoline but is for the most 
part transformed into scatole ; 


/\/ xrri 

( I 1;! ^ 

\/\ 
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\/ 


H 

CH 
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Talladium black is a very energetic catalyst in the dehydro- 
t,''nation of tli' hydroaromatic compounds; the reaction is 
vigo'-ous at 200" and reaches a maximum at 300On the 
other hand, cyclopentane and its derivatives and also 
cycloheptane do not undergo dehydrogenation below 300°. 
According to Zelinsky' catalytic dehydrogenation by pal¬ 
ladium or ])latinum at a temperature of about 300'" appears 
to be characteristic of cyclohexane and its homologues 
(hydroaromatic hydrocarbons), and the reaction may be 
applied to the separation of hydrocarbons of the cyclopcn- 
tane and cyclohexane series and to the investigation of 
petroleum distillates. In order to test this, a mixture of 
methylcyclopentane and cyclohexane was subjected three 
times in succession to the action of platinum black at 300°. 
Tlie quantity of hydrogen evolved was qg-q per cent, of the 

* Ber., 1912, 46 , 3678. 
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theoretical quantity calculated for the conversion of the 
cyclohexane into benzene. The product was treated with 
sulphuric acid containing a little sulphuric anhydride, which 
sulphonatcd the benzene, and the residual hydrocarbon after 
distillation over sodium was found to have all the properties 
of methylcyclopentanc. 

As an example of the formation of an unsaturated hydro¬ 
carbon by dehydrogenation, the conversion of i : 2-butylene 
into butadiene ‘ may be quoted : 

CHj CHo-CH : CHj = CH,; CH CH . CHj -f 

The butylene is passed during one hour through a tube 
containing copjier heated to redness. The mixture of 
butadiene and unchanged butykuie is condensed, the buta¬ 
diene polymcJized to rubber by means of metallic sodium, 
and the butylene recovered by heating. 

Butadiene (erythrene) can also be obtained by the action 
of heated catalysts on cycloiicxane, its liomologues or de¬ 
rivatives, the dehydrogenation in this case being accom¬ 
panied by breaking dowm of the molecule of the cyclic 
compounds. Tlu' vapours of cyclohexane are passed over a 
spiral of aluminium silicate heated electrically to a dull red 
heat, and the unchanged hydrocarbon returned to the 
boiler, wliilst the gases are freed by cooling from liquid hydro¬ 
carbons and the erythrene extracted by physical or chemical 
means.^ 

Partially saturated cychc hydrocarbons are obtained with 
good yields when halogen derivatives of hexahydrobenzene 
or other hydrocychc hydrocarbons arc jiassed in the slate of 
vapour over heated substances capable of removing hydro¬ 
halogen acids, or suitable catalytic agents. The reaction 
may be carried out under the ordinaVy or reduced pressure, 
and it is advisable to use temperatures lower than those at 
which the desired hydrocarbons decompose. As catalytic 
agents barium chloride, alumina, nickel chloride, etc., may 
be employed. Thus monochlorocyclohexane is converted 


' Eng. P. 9722 (1911). 


• Ibid. 448 (1912). 
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into tetrahydrobenzene, dichlorocyclohexane into dihydro¬ 
benzene, and chloropcntamcthylene into cyclopentene.* 

Degradation of Hydrocarbons. 

The process of dehydrogenation which occurs when 
hydrocarbons in general are heated in presence of metalhc 
catalysts is accompanied by a more or less extensive decom¬ 
position of the original compounds into radicles which are 
capable of uniting with each other in various ways to form 
other hydrocarbons containing smaller proportions of hydro¬ 
gen ; but at the same time the more complex hydrocarbons 
such as benzene, naphthalene, etc., which may be produced 
in this way are themselves liable to undergo decomposition 
into simpler substances or ultimately into carbon and 
hydrogen. Among the metallic catalysts nickel as a rule 
produces the must intense elleets. 

When in contact with reduced nickel methane yields 
an appreciable dejiosit of carbon when the temperature 
reaches 390"’, and ethane begins to decompose at 325" into 
methane, hydrogen, and carbon. Ethylene at temperatures 
above 300“ is completely decomposed into a voluminous mass 
of carbon and a mixture of hydrogen, methane, and ethane, 
the proportions of the last becoming smaller the higher the 
temperature of the metal. Cobalt and iron have an effect 
similar to nickel, but are less active. 

Acetylene is rapidly broken down into carbon and hydrogen 
when passed over platinum black healed to 150'. The heat 
liberated causes incandescence of the metal, which on the 
one hand accelerates the decomposition, and on the other 
hand promotes the polymerization of part of the acetylene 
into benzene and other more complex hydrocarbons; the 
hydrogen liberated may also convert part of the acetylene 
into ethylene or ethane. 

Even at the, ordinary temperature reduced iron induces 
vigorous decomposition of acetylene; the reaction is chiefly 
confined to the formation of carbon and hydrogen, but a 
‘ Fr. P. 441203. 
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small quantity of a liquid product composed almost exclu¬ 
sively of aromatic hydrocarbons can bo condensed; the 
gas which escapes condensation is a mixture of hydrogen, 
some unchanged acetylene, and some benzene vapour. If, 
on the other hand, the metal is maintained at a temperature 
above i8o^ the cscaj)ing gas contains some ethane, some 
ethylene, etc., aiul a larger proportion of liquid products is 
condensed. 

The mode of action of copper is different. When a current 
of acetylene is [>assed over redticed copper, heated above 
180", it is rapidly absorbed, and only after some time does 
any gas pass through. The copper appciars to swell up and 
soon obstructs the tube, becoming mixed with a brown 
solid. The escaping gas contains a little acetylene, some 
ethylene and other olellnes, and some ethane; the hcpiid 
product is a mixture of olefines and aromatic hydrocarbons. 
If the brown .solid is treated several times with accTylenc, 
until no further change occurs, a yellow compound, cuprene, 
of the formula is finally obtained. 

With nickel at the ordinar}' temperature the behaviour 
of acetylene is much the same as with iron. At a tempera¬ 
ture of about 180' the action of nickel on acetylene has a 
threefold result: firstly, rajiid decomixrsition to carbon and 
hydrogen, with simultaneous polymerization of a portion of 
the acetylene into aromatic hydrocarbons; secondly, slow 
condensation of the acetylene into a solid hydrocarbon wliich 
appears to be identical with cup’-ene; and lastly hydrogena¬ 
tion of the acetylene ami of its jrolymerization products 
’.vith formation of paraffins, olefines, and hydroaromatic 
compounds. 

Some at least of the reactions just referred to find applica¬ 
tions in one or other of the processes‘for the " cracldng ” 
of petroleum, that is to say, for the production from heavy 
oils of light oils with comparatively low boiling points 
suitable for use in internal combustion engines. 
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The Cracking of Pdrolcwn} 

The products of the pyrogciietic treatment of petroleum 
fall into four groups—permanent gas, illuminating oils, 
aromatic hydrocarbons, and \'olatile fuels for internal 
combustion engines. The proportions in which these 
different products are formed depend v(“ry largely on the 
temperature and the pressure at which the cracking process 
is carried out. Alteration in temperature affects not only 
the velocity of the various reactions involved, but also, 
and in a marked degree, the character of the ]iroducts. In 
the majority of modern systems for the cracking of petroleum 
it has been found that at tcunperatures of about 50o"‘ the 
tendency is toward the formation of a mixture of paraffins 
and olcllncs, whereas at higher t<'m[X'ratures, about 700°, 
the effect is the generation of aromatic com[K)unds. The 
general effect of increased pressure' is to favour the S5mthcsis 
of more complex hydrocarbons, whilst diminished pressure 
promotes the decomposition of iiKue complex into simpler 
tompounds. 

The infliK'nce of catalysts in such reactions as the hydro¬ 
genation, the dehydrogenation, the decomposition, and the 
condensation of hydrocarbons has been the subject of many 
investigations, wliich had their origin in the classic work of 
Sabat.er and Sendcrens. It may be recalled that those ob¬ 
servers have shown that when mixtures of ethylene and 
hydrogen arc passed over finely divided nickel at a tempera¬ 
ture of .^,00°, the product is chiefly methane, whilst at a 
lower temperature ethane is formed. They have also shown 
that when mixtures of acetylene and hydrogen are passed 
over finely divided nickel, copper, iron, or cobalt at moder¬ 
ately low temperatures liquid mixtures containing paraffins, 
olefines, and aromatic hydrocarbons are produced along with 
ethylene and ethane; that the proportion of liquid hydro¬ 
carbons produced increases with the temperature, and that 
an increase in the proportion of acetylene employed leads to 

• See an exhaustive paper on " The Pjnogencsis of Hydrocarbons,” 
by Ixnnax, Dunstan, and Thole, ]. Inst. Petrol. Tech., 1916. 8, 36. 
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an increase in the amount of aromatic hydrocarbons formed; 
that under similar conditions mixtures of ethylene and hydro¬ 
gen yield products of a similar character; and that the 
character of the hquid products can be changed by varying 
the proportions of the gaseous hydrocarbon and the hydrogen 
as well as by alteration of the temperature of the reaction. 
Finally, they showed that aromatic hydrocarbons could be 
hydrogenated in presence of such catalysts as nickel at 
temperatures below 250", whilst above that temperature, and 
especially towards 300“, the reverse action, dehydrogenation, 
sets in. 

This work led to many investigations on the influence of 
various catalysts on hydrocarbons of dilfereiit groups, cither 
alone or in presence of hydrogen, at the ordinary pressure 
or at pressures increased even up to 220 atmospheres, and at 
various temp>cratures. Among the catalysts employed are 
metals, c.g. iron, cobalt, nickel, aluminium, and platinum; 
metallic oxides such as alumina and titanium dioxide; 
aluminium chloride, kaolin, fuller’s earth, etc. Since 1906 
many patents for the production of light spirits from petrol¬ 
eum by the action of catalysts have been tiled, a few of 
which may be quoted. 

In 1908 Sabatier patented ’ a process for the production 
of a light spirit boiling below 150^, which consisted in passing 
the vapours of heavy oils over finely divided metals at a 
dull red heat, and then hydrogenating the product of this 
reaction, which consisted mainly of unsaturated hydro¬ 
carbons, in presence of hnely divided nickel at i5o°-30o'’. 
According to a later modification - the vapours of the heavy 
oils are decomposed by passage either over a network of 
wires heated electrically from 500’ to a red heat, or over a 
catalyst compxised of finely divided metals or metallic oxides, 
e.g. oxide of iron, or salts capable of reduction to metal, 
mixed with a neutral refractory substance free from silica, 
such as magneria, alumina, or graphite, and an agglutinant 
also free from silica, for example, glue, dextrin, or starch, 
and maintained at a temperature of 300° by an electric 
‘ Fr. P. 40014-.. * Ibid. 475303. 
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current. The nnsaturated hydrocarbons produced are 
subsequently converted into saturated compounds by hydro¬ 
genation over finely divided nickel at 20o°-3oo°. When 
the catalyst becomes coated with carbon it is regenerated 
by heating in a current of steam. 

Hall’s process ^ consists in heating the vapours of heavy 
hydrocarbons at a tem])eraturo of Coo’ and upwards and 
under a pressure of 5 atmospheres in presence of a catalyst 
capable of affixing hydrogen, allowing the vapours to expand 
and deposit carbon, and then condensing them. The 
catalysts specified are metals such as nickel, cobalt, silver, 
palladium, chromium, and manganese, or their oxides. 

It is claimed * that benzene can be obtained by passing 
the vapours of petroleum together with hydrogen through 
a tube containing catalytic materials heated to a temperature 
between 180 ’ and ',00’. Suitable catalysts arc iron, copper, 
zinc, aluminium, nickel, cobalt, silver, and platinum, or 
mixtures of those metals. 

In another process ’ tlic oil is distilled in a separate still, 
and the vapours to be cracked arc passed through a tube 
packed with the catalyst and then through fractionating 
an i condensing plant. Part of the uncondensed gas is passed 
through an ammonia saturator under slight pressure to 
liie still, where it is sprayed over the surface of the oil; this 
helps to carry the oil vapour to the cracking tube and inci¬ 
dentally reduces the temperature of distillation. It is stated 
that a portion of the ammonia is dissociated, and that the 
nascent hydrogen in presence of the catalyst hydrogenizes 
a part of the unsaturated hydrocarbons present and appears 
also to arrest the separation of carbon. The ammonia also 
tends to produce a spirit free from sulphur even when an oil 
containing 5 or 6 per cent., such as Mexican oil, is used. The 
catalyst is made by heating a metallic oxide or mixture of 
oxides with organic compounds, c. g. oxalates or tartrates, 
of the metal. 

A different method * of obtaining light spirit is to bring 

1 Eng. P. 17121 (1913). ® Ibid. 17272 (1913). 

» Ibid. 20470 ( 1913 ). 2838 ( 1914 ). ‘ Ibtd. 5434 ( 1914 )- 
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mineral oils or residues, in the liquid state, into contact 
with quicklime, or quickhme containing carbon, at tem¬ 
peratures between 400° and 650°. According to another 
patent ^ a mixture of the vaporized oil and steam is passed 
over oxide of iron, or of another metal capable of forming 
several oxides, at 50()°-6oo'. This catalyst may be regen¬ 
erated, when the production of light hydrocarbons begins 
to diminish, by heating in a current of air. 

The use of aluminium chloride as a catalyst for the pro¬ 
duction of motor spirit from heavy oils is claimed in a 
number of diffenmt patents. As an example, the process 
described by McAfee^ m.ay be cpioted. The oil freed from 
water and lighter constituents is distilled with anhydrous 
aluminium chloride in a still ]>iw’ide(l with a stirrer at a 
temperature of about 260"- 200 . The process usually 
occujiies from 24 to 48 hours. Constituents of high boiling 
point and volatilized aluminium chloride arc sejiarated from 
the vapour in two air-cooled condensers connected in series 
and are returned to the still, and the rripoiirs at a tempera¬ 
ture of about 175" pass finally to a water-cooled condenser. 
The products are stated to be saturated and to require no 
treatment with sulphuric acid: they are freed from sul¬ 
phuretted hydrogen by washing with alkali and water. The 
yields of gasoline from Cuddo and Oklahoma oils are stated 
to be 44'3 per cent, and 44-8 per cent, respectively, as com¬ 
pared with yields of 18 per cent, and 12-5 per cent, obtained 
by the ordinary cr.icking process. The aluminium chloride is 
recovered from the rc.sidual coke by treatment with chlorine 
at a red heat. 

Suitable catalytic bodies for the production of light from 
hea\^ hydrocarbons arc obtained, it is claimed,® by heating 
a powdered metallic oxide or mixture of oxides with organic 
compounds of the metal. For instance a mixture of 3? 
parts of ferric oxide, 7-5 parts of nickel oxide, 5-5 parts of 
carbon, 14 parts of ferrous oxalate, and 15 parts of nickel 
oxalate is incorporated with 17-5 per cent, of its weight of 

' Eng.P. 11420(1914). “ J.Ind.and En^.Chem.,1^15,7,737. 

= Eng. P. 5847 (1914). 
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tar, briquetted and sintered in a dosed crudble at a tempera¬ 
ture below the mdting point of the metals. Other cataljdic 
metals such as chromium, cobalt or manganese may be 
used, and the addition of small amounts of aluminium, cerium 
magnesium or other members of the alkaline earth group 
is an advantage in many cases. The catalytic bodies so 
produced do not appear to lose their efficiency under con¬ 
tinued use; in fact, in some cases the efficiency of the catalyst 
appears to increase after a short period. 

The Dehydrogenation of Alcohoh. 

Many years ago Berthdot observed that the vapour of 
ethyl alcohol, when passed through a heated glass tube, 
begins to decompose at about 500', two reactions taking 
place simultaneor.r,!)', namely, (i) dehydration of the alcohol, 
with the formation of water and etliylene, and (2) d(;hydro- 
genation, resulting in the production of hydrogen and 
acetaldehyde:— 

(1) CHyCHjOlT = Cllj: CH., + TI.O. 

(2) CHjCIIiOH = CH3CIIO + H*. 

The reaction undiw these conditions is complicated by 
'he cffeci of +he higher temjierature on the ethylene and 
the acetaldehyde, the latter in particular being partially 
decomposed into methane and carbon monoxide. 

Other primary alcohols undergo similar reactions at a 
low red heat; no appreciable change occurs at temperatures 
below 400”. 

Secondary alcohols are more readily affected by exposure 
to high temperatures, dehydration yielding hydrocarbons, 
and dehydrogenation ketones; one or other reaction pre¬ 
dominates according to the character of the alcohol; e. g .:— 

CII.. CH3. 

VI) >CllOH = X'H + BjO. 

CH/ CH/ 

CIT3. cn,s 

(2) >CHOH = >CO -t- IIj. 

CH,/ CH,/ 
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In presence of catalysts these reactions can be brought 
about with greater velocity and at lower temperatures. The 
metals copper, cobalt, nickel, iron, zinc, platinum, and pal¬ 
ladium, especially when in a finely divided state, act as 
catalysts of dehydrogenation, promoting the decomposition 
of the alcohols into hydrogen and aldehydes or ketones 
respectively. The same is true of a small number of metallic 
oxides, for instance, manganous oxide, but their activity is 
much less than that of the metals. 

The conversion of tfu' alcohol into the aldehyde or ketone 
is never complete, even when a long column of the catalyst 
is used, because the hydrogen liberated from the alcohol 
tends to reunite with the dehydrogenation product under 
the catalytic inlluence of the metal. If the temperature is 
raised above a certain point the aldehyde produced is par¬ 
tially decomposed into carbon monoxide and a hydrocarbon, 
for example, acetaldehyde is converted into methane and 
carbon monoxide : CH3 CIIO — CII4 -• CO. Except in the 
case of formaldehyde and of aromatic aldehydes, this de¬ 
composition does not take place to any marked extent 
below 300''. 

Reduced copper is the most suitable of all the catalysts 
of dehydrogenation for the production of aldehydes or 
ketones by this method, and has been used for the preparation 
of acetaldehyde from ethyl alcohol on the large scale with 
vfery satisfactory results. 

The vapour of alcoliol is passed from a boiler through a 
tube of copper or brass filled with the catalyst and main¬ 
tained at a temperature of about 300° by electrical heating,^ 
or by heating in an air bath or even in a tube furnace. A 
convenient size of tube is 70-100 cm long and 2 cm. in 
diameter. The teinpe-rature should Aot be allowed to fall 
much below300''. but maybe raised above this point, even 
up to 400'’, as the catalyst begins to lose its activity. The 
catalyst consists of copper prepared by reduction of the oxide 
at a low temperature, or of pumice coated over with copper 
(e.g. by saturation with a solution of copper formate drying, 
* Cf. Bouveaiut, Bull. Soc. Chim., 1908 (4), 3 , 50, 119. 
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and reduction); a mixture of 5 parts of copper and i part 
of magnesium has also been recommended. The alcohol 
need not necessarily be absolute; even 85 per cent, alcohol 
gives a satisfactory yield. It is preferable that the alcohol 
vapour should be jwheatod to about 300“ before coming 
into contact with the copper. The vapours issuing from 
the tube, when condensed by passage through a condenser 
cooled with ice water, yield a mixture of unchanged alcohol, 
a httle water, and ac,etald(;hyde, containing up to 40 per 
cent, of aldehyde; the escaping hydrogen carries with it a 
certiiin proportion of the aldehyde, wliich may be recovered 
by passing the gas through a long worm cooled by a freezing 
mixture, or through absorption vessels charged with alcohol, 
'fhe aldehyde is separati-d from the conden.s(^d hquid by 
fractional distillation; with the aid of an elficicnt fraction¬ 
ating column two distillations aie usually sulhcient to give a 
pure product. The alcohol residues from which the alde¬ 
hyde has been separated always contain traces of acid which 
impairs the ethcicncy of the catalyst, and consequently 
should be made neutral by addition of alkali, ar.d redistilled 
before being again passed through the catalysing tube. 
In any case the copper loses its activity after some time, but 
is easily regenerated by oxidation m a current of air at 300°, 
and subsequent reduction of the oxide with hydrogen or 
alcohol vapour. 

The transformation of secondary alcohols into ketones 
by the catalytic action of finely divided copper is effected 
still more easily than that of primary alcohols into aldehydes, 
because owing to the superior stability of the ketones under 
the conditions of the reaction it is possible to work at higher 
temperatures without introducing complications. The yield 
of ketone may exceed 75 per cent, of the theoretical amount. 
Among the suggested applications of this process, is the 
preparation of camphor from bomeol. The reaction takes 
place rapidly and almost quantitatively in presence of 
reduced copper at a temperature of 300“.^ 

The reaction may also be used to distinguished primary, 
‘ Eng. P. 17573 (1906). 
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secondary, and tertiary alcohols from each other, the pro¬ 
ducts of dehydrogenation being aldehydes, ketones, and 
unsaturated hydrocarbons respectively.^ 


Formation of Cyclic Compounds through clmination of 
Hydrogen. 


Instances of the acceleration, through the catalytic influ¬ 
ence of anhydrous aluminium chloride, of certain condensa¬ 
tions of aromatic nuclei have long been known, and the 
reaction has been found to be a fairly general one with 
certain types of compounds, riius when aromatic ketones 
are heated witli th.'it catalyst at tempc'ratures between 
8o° and 140^" condensation usually takes jdace, especially 
in cases where the elimination of hydrogen leads to the 
formation of new rings. 

When phcnyl-a-naphthyl ketone is heated with aluminium 
chloride benzanihrone is obtained in good yield and in a 
state of great purity. Hydrogen is evolved only to a small 
extent, most of that produced acting as a reducing agent on 
the reaction product; this reducing action, however, is coun¬ 
teracted in many cases by atmos]>hcric oxidation accelerated 
by the aluminium chloride. 


^\/CO\/\ 


/\/ 
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\ / 


i I J I 

Y i 

\/ 


Under similar conditions 0-, m-, and /)-tolyl a-naphthyl 
ketones yield respectively 5-,6-, and 7-mcthylbenzanthrones. 
When melted with alcoholic potash- the two former give 
5:5'- and 6:6'-dimethylviolanfhrones, which are vat dyes 
similar to violanthrone (Indanthrene Dark Blue B.O.). 
Other vat dyes can be obtained in a corresponding manner 
from the condensation products of other ketones.- 

' Neave, .Analyst, 1909, 34 , 34O. 

Scholl ar.d Seer, Monatsh., 1912, 33 , 1 . 
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Oxidation 

A number of processes in which oxidation is effected cither 
directly by means of oxygen, or indirectly through the 
action of oxidizing agents arc induced or accelerated by 
various catalysts. 'I'hi; following are some typical examples. 

Oxidation with Oxygen in presence of Catalysts. 

Preparation of Formaldehyde. —A well-known example of 
direct oxidation with oxygem in the; presence of a catalyst 
is the production of formaldehyde by passing a mixture of 
the vapour of methyl alcohol and air through a tube contain¬ 
ing heated copper or jilatinum in the form of gauze or in a 
fine slate of division : airCdhOII -b 0 = zH'CHO -f- H^O. 
The product, consisting of formaldehyde, water, and un¬ 
changed methyl alcohol is cond< nsed and rcctiflcd in a still 
provided with a fractionating column. 

Prelimiii'iry heating of the copper is unnecessary if some 
fragments of pumice stone coated with platinum or palladium 
(prepared by igniting the pumice after saturating it with a 
solution of a salt of the metal) is placed in front of it. The 
mixture of methyl alcohol vapour and air, heated to 100°, 
ignites in contact with the platinum and the copper spiral 
is thus caused to glow. The u,se of this “ igniter ” on the 
manuiacturing scale is said to increase the yield of 40 per 
cent, formaldehydi' by from 120 to 150 per cent. Pure 
metalhc copper is not active as a catalyst when first used, 
but becomes so when the metal is superficially oxidized and 
has become more or less spongy through frequent use. The 
presence of platinum increases the activity of the copper, 
but lead has the opposite effect; in course of time the copper 
becomes inactive. In technical practice porous substances 
such as graplritc, coke, etc., are used along with the copper. 
It is stated ^ that a quantitative yield of formaldehyde can 
be obtained from methyl alcohol by making use of a catalyst 
consisting of silver precipitated on asbestos. 

A method wluch has been patented ^ for the preparation 

I D. R. P. 228O97. * Ibid. 286731. 
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of formaldehyde from methane consists in heating a mixture 
of methane with a large excess of air to a temperature between 
150'^ and 220” in presence of a metal or a metallic couple: 
CH4 +02 = HCHO + HjO. For instance, a mixture of 
3 parts of methane and loo ])arts of moist air is passed over 
copper or silver or both heated to 150 -200'. The portion 
of the methane converted into formaldehyde is removed by 
treating the gaseous mixture with water, and the residual 
gas, after addition of a further quantity of oxygen to make up 
for that consumed, is again passed over the heated metal. 

Preparaiion of Acetic Acid from Acetaldehyde, 
aCHa'CIfO + O2 = aCHa'COOH. 

Acetaldehyde is submitted to oxidation in pri'sence of acetic 
acid, or its chloro-deri\ atives, r. monochloroacetic acid, 
or acetic anhydride, or homologues of these compounds. 
Air or o.xygcn is introduced with brisk stirring into a 
mixture of 200 kilos of glacial acetic acid and 10-20 kilos 
of acetaldehyde, which is heated to a temperature between 
70° and 100°, and when the greater part of the aldehyde, 
which is rajiidly oxidized, has been converted into acetic 
acid, a further quantity is added and the oxidation pro¬ 
ceeded with. The acetic acid may be distributed over a 
filling material in towers, and a mixture of aldehyde vapour 
and oxygen or air passed through the mass. The presence 
of a suitable catalyst, such as vanadium pentoxide, uranium 
oxide, or roasted fcrroso-fcnic oxide, greatly facilitates the 
reaction.* 

In the process just described the acetaldehyde to be 
oxidized is mixed with a large proportion of acetic acid, but 
in another process the latter substance is dispensed with. 
In presence of small quantities of compounds of manganese 
the conversion of acetaldehyde into acetic acid is rapid, 
but the reaction does not take place with explosive violence 
as is the case when compounds of chromium, vanadium, 
cerium, etc., are used as accelerators. A current of dry 
oxygen is passed through a mixture of 300 kilos of pure 
* ling. V. 1742.) (1911). 
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acetaldehyde and 2 kilos of manganous acetate contained 
in a vessel made of pure aluminium provided with a stirrer 
and a cooling jacket. The manganous salt dissolves in the 
acetaldehyde and the mixture abstirbs oxygen very ener¬ 
getically, the heat evolved being removed by external cool¬ 
ing. After from ten to twenty hours the oxidation is com¬ 
plete, and the acid produced is distilled. Air may be used 
instead of oxygen, and the gas may be introduced under 
pressure; acetic acid or other solvent may be added to the 
acetaldehyde if desired.' 

Preparation of Anthraquinone from Anthracene, 

XH, /CO, 

C.H / I >CeIl4 -b 3O = CJl/ >C,H. + H ,0 
CH/ co^ 

Anthracene, dissolved or suspended in a neutral or alkaline 
medium, is heated with oxygen under pressure in presence 
of a catalyst: cujaic oxide is recommended, but compounds 
of nickel, cobalt, iron, or lead may be used in its place. For 
example, 100 parts of 30 per cent, anthracene paste are 
mixed with 3000 parts of water, 230 parts of 25 per cent, 
ammonia solution and 5 parts of cupric oxide in a vessel 
capable of wuh-tanding pressure. A quantity of oxygen 
con e. .ponding wnh three atoms per molecule of anthracene, 
or the equivalent quantity of air, is forced in, and the mass 
is stirred and heated for twenty hours at a temperature of 
lyo''. After cooling the anthraquinone is separated and 
freed from copper compounds by washing with ammoniacal 
water.® 

Preparation of Aniline Black. 

In dyeing fabrics with Aniline Black the dye is produced 
on the fibre, and in order to avoid weakening of the fibre 
through the use of an oxidizing agent a process has been 
patented in which the oxidation of the aniline salt is effected 
by atmospheric oxygen.® The process depends upon the 

» Fr. P. 460971. ® P. K. P- 292681. 

* Eng. P. (16189 1907). 
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discovery tliat the addition of a small quantity of a 
/)-diamine or a /)-aminophenol to a solution containing aniline 
or one of its homologues, an organic or mineral acid, and an 
oxygen-carrier, such as a copper salt, greatly accelerates the 
oxidation process. To prevent the formation of oxidation 
products in the “ padding ” liquor the copper salt may be 
reduced to the cuprous state by the addition of a sulphite, 
and the cuprous salt thus fonned may be kept in solution 
by adding an alkali chloride to the liquor. The material is 
impregnated with the liquor, and the black developed by 
steaming, ageing, or in any other manner. 

Osmium tetroxide ajipcars to be a very efficient catalyst 
of oxidations with free ox\'gen. It is stated that when 
oxidizable liquids containing’ a trace of the tetroxide, about 
0-05 gr. per 100 c.c., are heated to a temperature between 
50° and 60' with oxygen in a steel bomb under a pressure 
of 10 atmospheres rapid oxidation is frequently effected. 
Anthracene, for example, is quickly converted by this method 
into anthraquinone.* 


The Drying oj Oils. 

The so-called " drying ” oils, e. g. linseed oil, wliich are 
important ingredients in paints and varnishes, undergo 
oxidation when exposed to the air. The absorption of 
oxygen by the oil results, in the first place, m the formation 
of intermediate comjxiunds which themselves art as catalysts 
in promoting the conversion of the. oil into more of the same 
substances; 'iltimately those compounds are changed into 
rather indefinite oxidation products. This process of diy’- 
ing or hardening of the oil is, however, very slow, and it is 
usual to add some substance which fias a catalytic effect in 
accelerating the oxidation. The quantity of the catalyst 
necessary is in all cases very small. 

Manganese dioxide and red lead arc frequently employed 
as “ driers,” and many other metallic oxides have at least 
some degree of catalytic activity; cobalt compounds appr;ar 
‘ Hoimann, Ber., 1912, 45 , 3329. 
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to be more effective than those of lead. Turpentine, which 
absorbs oxygen with the formation of an unstable oxidation 
product, possibly a peroxide, has also some effect, and the 
same is true of the mc'tallic salts of certain unsaturated 
organic acids, such as manganous linoleate and lead oleate. 
In general the oxidation of drying oils is promoted by the 
presence of suitable metallic " soaps.” According to Mackey 
and Ingle ‘ a metal which can form more than one oxide 
acts as a “ drier ” or oxygen carrier when in an oil-soluble 
form, provided that salts of the lower oxide are more stable 
than salts of the higlu'r, and. further, the more oxides a metal 
can form the greater its catalytic iiower. It w'as found, 
for instance, that ‘‘ soaps ” of cobalt, manganese, nickel, 
cerium, lead, chromium, iron, and uranium are more active 
” driers ” than the corresponding compounds of bismuth, 
silver, zinc, thorium, mercury, and aluminium. 


Calaiytic Bleaching of Oils. 

A number of experimeats on the influence of catalysts 
on the velocity of the bleaching of palm oil by ainiospheric 
oxygen are described by Ilashmat Rai.^ 

The oil, mixed with small proportions of different catalysts, 
was heated in an autoclave by means of steam, and air from 
a compressor blown through. It was found that the addi¬ 
tion of from 0 02 to o-i per cent, of a cobalt soap to the oil 
reduced the time of bleaching very considerably, whilst the 
product was of good quality. Manganese soaps and other 
metallic soaiis ixissess similar properties, but the cobalt 
compound is the most active. 

Elcclrolylic Oxidation. 

Electrolytic oxidation, by oxygen liberated at the anode, 
is in many cases accelerated by the piresencc of catalysts. 

A good example of this is the electrolytic method for the 
preparation of anthraquinonc. Finely powdered anthracene 

> /. Soc. Chem. Ind., 1917, 36 , 317. “ lOd. ujiy, 36 , 948- 

K 
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is added to 20 per cent, sulphuric acid containing 2 per cent, 
of ceric sulphate as catalyst, in a leaden vessel which acts 
as the anod('; a lead plate forms the cathode. The tempera¬ 
ture is rai.siid to from 70 ' to 100 during the operation, and 
the liquid is well agitated. Using an anodic current density 
of five amperes per sq. dcra. and 2-8-3-5 volts, the current 
efficiency is practically too per cent. The product is very 
pure, and the yield almost quantitative.' 

Besides ceric suljihate chromic acid may be used; each 
oxidizes the anthracene, readily and completely to anthra- 
quinone, being reduced in the process to cerous sulphate 
and chromium sulphate resjiectively. By the anodic action 
of the current the original oxidizing sails are regenerated 
and the reaction proceeds. Both give a gooil product, but the 
action of ceric sulpliali' is much quicker than that of chromic 
acid. The anthraci'iie may be directly added to the elcctro- 
lyser in which the ceric sulphate is regenerated, and the 
oxidation of the hydrocarbon is so lajiid that so long as any 
of it is present there is no possibility of cerous sulphate being 
formed by reduction at the (athode with consequent loss 
of current. With chromic, acid, on the other hand, the 
spent liquors must be drawn off, idectrolytically regenerated 
in a different vessel, and returned to tlu' oxidizing vessel, 
Vanadic acid can be used with advantage instead of ceric 
sulphate, and in this case also the bain can be used over 
again after removal of the anthraquinoni*. 

In a similar manner the preparation of benzoquinone 
from anihne can be carried out electrolytically, and naph¬ 
thalene can also be oxidized with the acid of cerium salts, 
yielding according to the conditions of the operation either 
naphthaquinone or phthalic acid. 

Oxidation with Sulphitru Acid. 

Concentrated sulphuric acid is, of course, capable of acting 
as an oxidizing agent, especially when heated to near its 
boiling point, and in many cases the velocity of the reaction 
is gieatly increased by the addition to the acid of small 
‘ ling. i>. 19178 (1902). 
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quantities of such catalysts as mercury or copper or their 
salts. 

A familiar illustration is found in thi; Kjeldahl method of 
oxidizing organic nitrogen compounds, for the quantitative 
estimation of nitrogen, by means of hot concentrated 
sulphuric acid, containing small quantities of mercury or of 
copper or of the sulphates of those metals. I'he influence 
of the catalyst is very marked; thus it has been found that, 
at a temperature of 275", the addition of 0-5 per cent, of 
mercuric sulphate to the sulphuric acid increases the velocity 
of oxidation of aniline threefold. Moreover, in this case, 
as in many others, the acceleration produced by the com¬ 
bined action of mercuric sulphate and cupric sulphate is 
greater than the sum of the accelerations brought about by 
each of these catalysts separately. 

Another well-known example is the manufacture of 
phthalic acid from naidithalene, a process important because 
it is the first step in the preparation of synthetic indigo and 
of many other substances:— 


/X/'X 

Ox 


"X 


XOOH 


\/\cOOH 


When naphthaleni' is w.armcd with concentrated sulphuric 
acid, naphthalene sulphonic acids an' formed, but at tempera¬ 
tures above 200“ the acid acts as an oxidizing agent, phthalic 
acid and sulphophthalic acids being produced along with 
water and sulphur dioxide. Tlie addition of mercury or of 
mercuric sulphate causes a remarkable increase in the speed 
of the process, especially as regards the fission of sulpho- 
groups from the sulphonic acids. It does not matter 
whether mercury itself or a mercury salt is used, since in 
either case the hot acid quickly produces mercuric sulphate. 
It is stated that, at 275", the addition of i per cent, of mer¬ 
curic sulphate to the acid causes the reaction to proceed with 
a velocity five times greater than that attained when the 
catalyst is absent. The use of oxides of cerium, of lan¬ 
thanum, and of other rare earth metals has been proposed, 
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but apparently these catalysts do not possess the same 
advantages as mercury in this process. 

'I'hc preparation of hydroxyanthraquinones through the 
action of sulphuric acid on anthraquinone or hydroxyan¬ 
thraquinones is reported to be greatly accelerated by the 
addition of a mercury salt to the acid. It is an advantage 
to add also some boric acid, which protects the hydroxyl 
groups present in tin' compounds from further change by 
the formation of esters. For example, in order to obtain 
i:2:4:5:6.8-hexahydroxyanthraquinone lo kilos of 1:3:57- 
tetrahydroxyanthraquinone are heated with 200 kilos of 
sulphuric acid of 6b' Be., 5 kilos of crystallized boric 
acid, and 0-5 kilo of mercuric sulphate at a temperature 
between 200' and 250' until the n'action is complete. The 
hexahydroxy-compound is obtained in solid fonn by pouring 
the product into water. 


OH 


CO 


OH 


ho! 




OH 


OH OH 

I I I 
HO\/\po/\/ 
OH OH 


Oxidation with Hydrogen Peroxide. 

The method of oxidation with hydrogen [xiroxide in 
presence of small quantities of ferrous salts, which was 
introduced by Imiiton,' is spcti.dly useful in the case of 
polyhydric alcohols and of h\’droxy-a( ids, which in general 
are conveited into the corresponding hydroxy-aldehydes 
(aldosc's) and keto acids respectively. Thus, for instance, 
gljcerol when treated with this oxidizing agent yields glyceric 
aldehyde (CHaOM CHOH CH/IH CHaOH CHOH'CHO), 
and malic acid is ti aicsfonned into okalacetic acid ;— 

COOH CHOH CHyCOOH - COOH-CO-CHj-COOH. 

The reaction takes place very readily, and with satis¬ 
factory yields, in the case of cornixiunds containing the 
-CIIOH CHOH- group. 

* Clunn So‘. I runs., 1804, 65 , 899, and other papers. 
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Benzene itself and such derivatives as phenols and hydr- 
oxyaldehydes are also attacked by hydrogen peroxide with 
the aid of traces of ferrous salts, Benzene yields phenol 
and catechol, and ^-hydroxybenzaldchydc is converted into 
protocatechuic aldehyde':— 



Clio 

/\ 


OH 


Oxidation with Nilrohenzcne. 

Tn a number of important manufacturing processes nitro¬ 
benzene is used as an oxidizing agent because of the com¬ 
parative readiness with which it gives up oxygen, under¬ 
going reduction to aniline, and some, of these processes are 
carried out with the aid of iron or of ferrous salts which act 
catalytically as oxygen carriers. 

In the manufacture of magenta, for instance, by Coupier’s 
method, a mixture of 150 kilos of o-foluidii,;, 200 kilos 
of o-toluidiuc hydrochloride, 50 kilos of methyl sulphate 
(which yields methyl alcohol on heating), 150 kilos of nitro¬ 
benzene or of o-iiitrotoluene, and 20 kilos of iron turnings 
is heated for go go hours at rzo". After cooling the melt is 
broken U[), the t( luidme still present removed m a current 
of steam, the solution filtered, and the dye salted out. 

The action of the catalyst is in this case easily understood. 
The ferrous salt formed by the action of the hydrochloric 
acid on the iron is oxidized by the nitrobenzene to ferric 
chloride; this oxidizes the toluidine, being reduced to ferrous 
chloride, and so the reaction proceeds. 


Oxidation with Nttrk, Acid. 

In various processes in which nitric acid is employed as 
an oxidizing agent, the reactions arc accelerated by the addi¬ 
tion of catalysts such as vanadic acid, mercury, mercuric 
nitrate, etc. For example, in the preparation of oxalic 
' D. R. 1 ’. 155731- 
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acid from cane sugar the addition of less than o-i per cent, 
of ammonium vanadate or of vanadium pentoxide to the 
nitric acid promot('s the action to such an extent that it 
proceeds without any external hc'ating. A method of 
preparing oxalic acid by the action of nitric acid on solu¬ 
tions of carbohydrates in j)rosence of a catalyst has been 
protected; ‘ the oxides of nitrogen liberated in the process 
are oxidized to nitric peroxide, which is passed back into 
the reaction mixture. 

One of the methods of preparing anlhraquinone consists in 
treating anthracene with nitric acid in presence of a mercury 
salt and an indifferent liquiil at a temperature below 60'', 
and then converting the product thus obtained, which is 
a mixture of unstable mesonitro-derivatives of anthracene, 
into anthraquinone by tieatmcuit with an oxidizing agent 
in presence of a mercury salt at a temperature above 
60'. I'or example, 117 parts of 80 per cent, anthracene 
are suspended in joo p.irts of nitroben/euc, heated to 30“, 
and a solution of 3 p.arts of mercury in 4(10 parts of 31 per 
cent, nitric acid is added during thn'o hours. The solution 
is filtered and heated for three houis more, and the nitric 
acid then sep.ii.ited (360 parts binng recovered). The solu¬ 
tion in nitrobenzene is treated with a solution of 5 parts 
of mercur}’ in 55 parts of nitric acid (qi.' B(?.) and heated to 
105° in the course of twi.nty-hve minutes. The tempera¬ 
ture rises rapidly, and as it falls, at about iio“, chlorine is 
passed in to remove organic corajxmnds of mercury. After 
coohng the anthraquinone is filtered off washed with nitro¬ 
benzene and then with benzene, and dried.“ 

k 

Oxidation with HypoMorites. 

Cobalt salts, as is well known, accelerate the liberation'Of 
oxygen from solutions of bleaching powder very energetic- 
all}', and the oxygen of hypochlorites is also rendered readily 
available through the catalytic action of the oxide or the 
chloride of nickel 

‘ U.a. P. n5734S- 


* Ibtd. 1119546. 
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When o-nitrotoluene is subjected to steam distillation in 
presence of these catalysts with slow addition of a solution 
of sodium hypochlorite, it is converted into o-nitrobenz- 
aldehydc, which passes over with the steam, and o-nitro- 
benzoic acid, whicli remains in the distillation flask ^;— 



CHO 



COOH 



Oxidations with Alkali Chlorates. 

Solutions of the alkali chlorates readily act as oxidizing 
agents in the presence of catalysts in many cases where in 
their absence the oxidizing action lakes place very slowly 
or not at all. Among the catalysts which have been used to 
activate the chlorate solutions are conipoundsof vanadium, 
Cerium, copjier and iion, osmium tetro.xido, and formic 
acid. 

The valuable dye Aniline lllack is made bv oxidizing 
aniline hydiochloride in the cold with rather less than the 
calculated quantity of ])otassium or sodium chlorate, both 
in solution, in presence of oxygen carriers, such as a salt of 
vanadium or copper sulphate. Vanadium compounds are 
specially efficient, i part of the pentoxide being able to 
convert as much as 270,000 parts of aniline hydrochloride 
into the dye in presence of a sufficiency of the alkali chlorate. 
In |X)int of efficiency vanadium compounds arc followed by 
comixmndsof cerium and then of copper; iron compounds 
also act catalytically, but their action is much less vigorous; 
the effect of osmimii tetro.xide is said to be superior even 
to that of vanadium or cerium com]>oimds in such processes 
as the oxidation of anthracene to anthra'iuinono,orof aniline 
to Aniline Black. In all these actions the catalysts arc effec¬ 
tive in conveying oxygen from the chlorate to the substance 
undergoing oxidation. 

Hofmann and Schumpelt ^ state that in the oxidation of 


‘ V. Iv. i 27 jtiS. 


Vcr ., iyi5, 48, 8(0 
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certain compounds by solutions of chlorates in presence of 
osmium tetroxide, the liquid becomes acid and appreciable 
quantities of chlorine peroxide arc produced. At this stage 
of the process the action increases in velocity, and it has been 
found that this effect is due to the formation of formic acid. 
If formic acid is added to a solution of a chlorate the latter 
is reduced to chlorine peroxide, which is formed more rapidly 
than it is removed, and so becomes free for other oxidation 
purposes. In this way substances which are not affected 
by a solution of a clilorate, c. indigotin, aniline, and 
anthracene, may be oxidized by a mixture of the chlorate 
with formic acid. 




Hydration' and Hydrolysis 

The reactions between water and orp;anic compounds 
may be grouped broadly in one or other of two classes: 
firstly, hydrations, or the direct addition of the elements 
of w'ater to unsaturated hydrocarbons, etc., or to such com¬ 
pounds as the anliydrides of organic acids, amides, lactones, 
etc., and, secondly, hydrolyses, that is to say, reactions in 
which the addition of the elements of water is accompanied 
by the breaking down of the molecule of the original sub¬ 
stances into two or mori' molecules, as occurs when esters, 
glucosides, polysaccharides, etc., are hydrolysed. 

Hj^dratioiis of all kinds are, as a rule, greatly facilitated 
by tile addition to the w.Uer of small quantities of catalysts, 
amongst which miiuTal acids and strong bases arc frequently 
very ellectivc. When such catalysts are used in dilute 
aqueous solutions, their effect is attributed to the liydrogen 
or the hydro.xU ions produced by the electrolytic dissocia¬ 
tion of the molecules of the acid or the base resiX'ctively. 

The reversible reaction between an ester and water, which 
results in the formation of an acid and an alcohol 
R-CO OR'-f H0H-.'K C0 ()1I -} R'OH, 

proceeds as a rule very slowly, and it may be a very long 
time before a state of equilibrium is attained in the system. 
If, however, even a very small quantity of a strong acid, 
for example, hydrochloric acid, is added the velocity of 
the reaction is greatly increased, and equilibrium may be 
reached in the course of an hour or two. The acid plays 
the part of a catalyst, and the catalytic effect of an acid 
is, within certain limits, proportional to the quimtity added. 
With dilute solutions of different acids at the same mole¬ 
cular concentration the intensity of the catalytic action is 

137 
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proportional to the relative strengths of the acids, or, in 
other words, to the concentration of hydrogen ions in the 
solution. 

Soluble bases produce similar effects, but in this case the 
active catalysts are the hydro.xyl ions ; a very much smaller 
quantity of the base than can be neutralized by the liberated 
acid is effective in accelerating the hydrolysis of the ester, 
as is seen, for example, in the hydrolysis of fats with the aid 
of lime. 


Preparation of Acetaldehyde from Acetylene. 

The preparation of acetaldidiyde from acetylene by hydra¬ 
tion of the unsaturated hydrocarbon— 

cit;cn -f H ,,0 .--.CHyCHO, 

is carried out in general by passing a current of acetylene 
into an aqueous solution of an acid in presence of a 
mercury salt, which acts as a catalyst, and separating the 
aldehyde produced The eflect of the catalyst in this re¬ 
action can be attributed to the continuous formation of 
intermediate compounds by the action of the acetylene on 
the mercury salt and their subsequent decomposition by the 
aqueous acid. Numerous patents whicii cover the process 
differ mainly in their claims with respect to the nature and 
the concentration of the acid employed, the tempicrature at 
which the reaction is carried out, and the method of recover¬ 
ing the aldehyde; the following examples will serve to 
illustrate the variou.s propiosals. 

Acetylene is passed into a solution of a mercury salt in 
at least 45 per cent, sulphuric acid, or at least 23 per cent, 
phosphoric arid, at tcmpieratures below 70“ and preferably 
at the ordinary temperature, when acetaldehyde and its 
condensation products and iJoiymerides arc obtained. The 
formation of lurthcr condensation products such as crotonic 
acid is greater the higher the conrentration of the acid, 
'flic process can be stopped at intervals in order to separate 
the products by distillation or by precipitation with a neutral 
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salt such as sodium sulphate.^ Another patent ® claims the 
use of a hquid which readily dissolves acetaldehyde, but is 
insoluble in the solution of the mercury salt, and others “ 
advocate the employment of a mercury salt dissolved in a 
highly concentrated organic acid, or a mineral acid other 
than sulphuric or hydrochloric acid, at temperatures below 
50“; the aldehyde may be extracted from the resulting 
mixture by naphtha, etc,, or the reaction may be carried 
out in presence of an immiscilile solvent for the aldehyde. 

It has also been proposed '* that the acetylenic should be 
introduced into a hot solution of the mercury salt, so that 
the aldehyde is distilled off as soon as it is formed, and again® 
that the reaction should be carried out at a temperature 
below the boihng point of acetaldehyde, but high enough 
for the aldehyde to be carried over by the excess of acetyl¬ 
ene, from which it is removed by washing with w'ater, the 
acetylene being passed into a second vessel. 

The most favouraUe condition for the formation of 
acetaldehyde from acetylene, mercuric oxide, and sulphuric 
acid is said “ to be attained if the sulphuric acid is employed 
in the dilute state and not concentrated as formerly recom¬ 
mended. The solution should not contain more than 60 gr. 
of sulphuric acid per litre, and the temjieratiiro should be 
kepi well above the boiling point of the aldehyde, say, 
between 70" and 80'. In these conditions the yield is stated 
to be almost quantitative. On the other hand, a later 
patent ’’ recommends the use of moderately concentrated 
acids, as in this way the rate of reduction of the mercury 
salts is diminished. This reducing effect appears to cause 
trouble, and a method has been patented ** for imjieding the 
separation of mercury by addition of small quantities of a 
ferric salt, for example, the sulphate, or of a compound of 
htxavalent chromium, e. g. chromic acid, to the solution. 

Solutions or suspensions of sulphonic acids together with 


‘ Eng, Imu)). 

“ Ibid. 253707 and 253708, 

6 Ibid. 474246. ‘ Ihid. 45.537^^- 

« U.S. P. U5192S and 1151920. 


? O H. r. 250356. 
* l''r. P 460553. 

■ Ibid. 4742(6. 
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a mercury compound, or of the mercury salts of sulphonic 
acids, arc claimed * to have a power of hydrating acetylene 
considerably greater than that of solutions of mineral acids 
of the same acidity. For exam{)le, 21-6 parts of mercuric 
oxide are heated with 417 parts of o-chlorophenolsulphonic 
acid and 583 parts of water to a temperature of 3o°-35"’, and 
acetylene passed in; when absorption of tile gas has dimin¬ 
ished considerably, the aldehyde is removed by heating or 
by a current of steam; the yield ol aldehyde is 300 parts. 

According to another ]>atent - the rapidity of the con¬ 
version of acetj'lene into acetaldehyde by combination 
with water in presence of a salt of mercur>' is greatly in¬ 
creased by carrying out the reaction in glacial acetic acid, 
at a teinj-ierature between 80 and 95", adding water only 
as it is required. For exam])le, acetylene is passed into a 
well-stirred mixture of 1000 gr. of glacial acetic acid, 22-5 gr. 
of sulphuric acid and 100 gr. of mercuric oxide at 8o°-85\ 
The excess of acetylene jiasses tluough a fractionating 
apjiaratus, a condenser cook'd by a freezing mixture, an 
absorption vessel chargi'd with water (in which the aldehyde 
is absorbed), and then back to the reaction vessel. The 
acetylene is absorbed at the rate ol from 100 to 200 litres 
per hour. Water is addtd to the reaction vessel at the same 
rate as it is irseil up m the retiction. The reaction vessel 
may be of iron, nickel, or other metal not attacked by con¬ 
centrated acetic acid. Mercury salts of other strong acids 
may be used. 

One other process may be mentioned, since it differs 
entirely m character from those already referred to. This ’ 
consists in passing a mixture of acetylene with steam, in the 
proportion of i : 4 by volunv, ov( r> bog iron ore heated to 
400 -420 . The gases from the reaction vessel are cooled, 
and the jxirtion which does not condi'iise is washed with 
water, glacial aci'tic acid 01 other absorbi'iits. Acetaldehyde 
is obtained as chief proiluct of the reaction, together with 
small quantities of other products of condensation such as 
‘ Fr. 1’. 409:97. 2 Ell};. F. 5132 (1915)- 

Ibid. 109983 (191O). 
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acetone, higher aldehydes, etc., and part of the aldehyde is 
oxidized to acetic acid. If the mixed gases are passed only 
once over the heated catalyst, about 15 i)er cent, of the 
acetylene is converted into acetaldehyde; with mixtures 
containing smaller proportions of steam larger quantities 
of the higher condensation products arc formed. 

According to a later patent ^ a mixture of purified acety¬ 
lene and steam is passed at a high temperature; over a catalyst 
consisting of oxides or combinations of oxides. The ex¬ 
hausted catalyst, e.g. molybdic acid, is regenerated and freed 
from catalyst poisons by treatment at a high temixTature 
with a current of air. 

Vreparalion oj Acetic Aciit jiom Acetyl, iie. 

The direct convtrsion of acitylene into acetic acid by 
simultaneous hydration and oxidation— 

CHiCH + ll.,(t + 0 -- CHj CO'OH, 

can be ellectcd in various ways, acetaldehyde, of course, 
being formed as an intermediate product and oxidized as 
produced without being isolated. For instance, acetylene is 
p-assecl through solutions of hydrogen iieroxide or of per- 
sulphuric acid in presence of mercury compounds,^ or else is 
oxidu’ed clectrolytically, using as electrolyte dilute sulphuric 
acid containing a mercury compound.’ 

Acetic acid is readily synthesized by the interaction of 
acetylene*, oxygen, and the requisite amount of water in 
jiroseiicc of salts of mercury such as the acetate, sulphate, or 
phosphate. The reaction is carried out in acetic acid or in 
any appropriate organic acid, c. g. chloroacctic or lactic acid, 
which can be readily separated from the acetic acid formed. 
Contact substances such as iron oxides or vanadium pentoxide 
afid accelerating agents such as phosphoric or sulphuric 
acid or bisulphates may’ be used in addition to the mercury 
salts, 'fhe best results are obtained by introducing acetylene 

1 U.S. P. 1244901, 124.1902. 

“ Ibid. 467778. 


' Pr. P. 467515. 
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and oxygen alternately into the acid mixture containing the 
contact substance.^ 

According to another process - a liquid medium is employed 
in which tire mercury salt is in solution, c. g. acetic acid, or 
which has a greater solvent power for acetylene than water, 
as, for example, acetone. Oxidizing substances such as hydro¬ 
gen peroxide, perborates, pcTcarbonates, permanganates, 
dichromates, ozone, etc., are added, or the oxidation may be 
effected by oxygen or air with or without catalysts such as 
cerium oxide, vanadium pentoxide, copper acetate, platinum 
or palladium sponge, etc. As an example, into a mixture of 
400 parts of glacial acetic acid, 100 parts of water, 50 ])arts 
of mercuric nitrate, and 10 parts of cerium oxide, are passed 
130 parts of acetylene and from 80 to 100 parts of oxygen. 
Acetic acid is jjroduced continuously and may be drawm off 
at intervals and distilled, the residue being returned to the 
reaction vessel. 


Hydrolysis of Fats. 

Hard fats are essentially mixtures of the glyceryl esters 
(glycerides) of stearic and palmitic acids. When heated 
with solutions of the caustic alkcdis they are hydrolysed 
with formation of glycerol and tlu; alkali salts of the fatty 
acids (soaps), but when water aloni! is used the hydrolysis 
results in the production of glycerol and the free fatty acids : 

(Ci 7H35COO)3C3H5 d 3 ^ 2 ^^ “ ( "r' d^'17^ f 3.5 COOH. 

The process of hydrolysis with water is slow and can only 
be effected a< high temperatures, but if small quantities of 
catalysts such as lime are added tlie reaction can be carried 
out with much greater velocity and at a lower temperature. 

The quantity of lime required foV the conversion of a 
glyceride of mokjcular weight 890 into glycerol and the cal¬ 
cium salt of the fatty acid is 9 4 per cent, of the weight eff 
the glyceride, but if the process is carried out at the ordinary 
pressure the hydrolysis cannot be completed unless the pro¬ 
portion of lime is increased to 12-14 per cent. If, however, 

1 I'r. r.473ij8. * Ibid. 479O5O. 
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the hydrolysis is effected under increased pressure it is 
possible to use the lime as a catalyst, strictly speaking. Tlius 
at a pressure of I2 atmospheres (corresponding to a tempera¬ 
ture of 190 ) (^ven 1 per cent, of lime suflices for complete 
hydrolysis of the fat, and at 8 atmospheres with about 
3 per cent, of lime the fat is practically comi'lctely hydrolysed 
after from 8 to 10 houis. Hence in practice the process is 
carried out in an autoclave; when it is completed the free 
fatty acids, containing as im:rli lime soajr as corresponds to 
the quantity of lime introduced, rise to the surface and are 
easily siqiarated from the aqueous solution of glycerol. 

In this proi'i'ss of hydrolysis the base can be replaced by 
an acid, and conccntrati'd sulphuric acid has been used with 
satisfactory results. Ilic fat, previously heated to 120 
or more in order to remove the last traces of moisture, is 
rapidly mixed with from .4 to b per cent, of its weight of 
sulphuric acid of fib' -b; ' Be.; various mixing machines are 
used to ensure the most intimate contact of the acid with the 
fat within the shortest possible lime in order to reduce to a 
minimum secondary reactions and destruction of the fatty 
matter. The snlplionated mass is run into boiling water and 
agitated by means of steam until the, sulphonic acids are 
iiydrolysed; on standing separ.ition occurs into a lower 
aqueous layer containing glycerol and the sulphuric acid 
and an upper layer of fatty acids. 

A valuable modification of the process of hydrolysing 
fats is that devised bv Twitchell,’ in which the fat is agitated 
with water m presence of a relatnely small proportion of a 
salt of a siilpho-aromatic fatty acid and of a suitable quanbty 
of an acid capable of combining with the metal so that the 
siilpho-acid is liberated. The charge is heated and agitate 
until the fatty acids and glycerol separate, 
metal of the salt is precipitated and the products of hydrolysis 

art- collected. , , 

The fat is hydrolysed in loosely covered wooden tanks 

by digestion with water and as little as 0 5 per cen . 
tlie catalyst, and at a tcmiieratuic not exceeding i 
1 Fr. F. .i5C<)5h- 
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exhaust steam. Hence the use of autoclaves is done away 
with, and the reaction may be canned out on a scale hmited 
only by the size of the tank. 'Hie catalysts first employed 
were sulphonic derivatives of the fatty acids, such as sulpho- 
stearic and sulpho-oleic acids, but further experience showed 
that a better catalyst was produced by introduction of an 
aromatic radicle into the compound, and at present such 
compounds as sulphophenylstcaric acid, SOjH CjH^' 
and sulphonaphthylstearic acid, SOjH CiQlIsCiglljsOj, are 
employed. These substances have the property of dissolv¬ 
ing both in fat and in water, and of rendering them mutually 
soluble. The salts of such metals as barium, calcium, 
magnesium, aluminium, etc., can be obtained as stable dry 
powders, and these can be used with addition of the quantities 
of hydrochloiic or suliihuric acid necessary to liberate the 
sulpho-acid. 

A process such as this is suitable for the production of 
crude glycerol free from salts, whilst the free fatty acids can 
be converted directly into soaps by treatment with sodium 
carbonate. 

Other examples of hydrolysis effected with the aid of 
acids as catalysts are the inversion of cane sugar, and the 
manufacture of glucose from starch, which are so well known 
that description of the processes is unnecessary. 

Deuviikatiox 

An immense number of reactions in whTh carbon com¬ 
pounds containing hydroxyl groups take part result in the 
formation of water as one oi the products. These processes 
of dehydration fall into two groups ; firstly, those in which 
the ultimate result i-s the simjile elim*ination of the elements 
of water from a compound, as for instance the formation of 
ethylene from ethyl alcohol; and, secondly, those in whicTi 
the formation of water takes place at the expense of two or 
more molecules of carbon compounds, which at the same 
time become linked together, for example, the production 
of one molecule rf diethyl ether from tw'o of ethyl alcohol. 
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or of one molecule of an ester by the interaction of one 
molecule of an acid and one of an alcohol. Some examples 
of each class follow. 

Dehydration 0/ Alcohols. 

The dehydration of primary alcohols results, according 
to the conditions, in the formation of an ether or of an 
unsaturated hydrocarbon. Thus from ethyl alcohol either 
diethyl ether or ethylene can be obtained ;■— 

(1) CHa-CHj OH + HO-CHj'CHa =H20 + 

CHaCHjO-CHj-CH,; 

(2) CH3CH2OH =H20 + CH2: CH^. 

Secondary alcohols as a rule and tertiary alcohols always 
jneld only unsaturated hydrocarbons. 

Such reactions are brought about by a number of different 
dehydrating agents, of which concentrated sulphuric acid, 
phosphoric acid, or anliydrous zinc chloride are most com¬ 
monly used; for inst;ince, when ethyl alcohol is heated with 
concentrated sulphuric acid at 140“ the formation of ether 
takes place, whilst at higher temperatures, about i6o"-i70°, 
"thylcne is the chief product. 

In carrying out tliis process for the preparation of ethylene 
it is usual to add to the mixture of alcohol and sulphuric 
acid a small quantity of sand in order to prevent “ bumping. 
Senderens ^ has found that the sand also acts catalytically 
in accelerating the reaction, and that anhydrous aluminium 
sulphate is a more i»werful catalyst. With the usual 
mixture of one volume of 95 per cent, alcohol and two vol¬ 
umes of concentrated sulphuric acid, at a temperature of 
157°, the volume of ethylene produced per minute was foxmd 
to be, with no catalyst, 12 c.c.; with addition of sand, 50 c.c., 
and with addition of 10 gr. of anliy'drous aluminium sulphate 
per 200 C.C. of liquid, 160 c.c. 

A similar catalyrtic effect influences the production of 
ether. With a mixture of four volumes of 95 cent. 

r Compt. rend., 1910 , 151, 392- 
L 
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alcohol and three volumes of concentrated sulphuric acid, 
production of ether begins at 140°, but if the aluminium salt 
is added to the mixture in the proportion of 5 gr. per 100 c.c. 
ether begins to be formed at 110°, and distils regularly at 
120“ and rapidly at 130''. Above 140" ethylene passes over 
with the ether, increasing in quantity as the temperature is 
raised. With higher, c.g. propyl and isobiityl, alcohols the 
chief reaction is the production of the corresponding olefine, 
and the formation of these is also accelerated by the addition 
of aluminium sulphate. 

The dehydration of alcohols can also be effected by passing 
their vapours over heated catalysts. Under these conditions 
the nonnal reaction is the formation of an unsaturated 
hydrocarbon and not of an ether, because the latter sub¬ 
stances themselves readily undergo dehydration at the high 
temjK'raturcs, usually 300" or aboi’c, at which the process is 
carried on. The most effective catalysts were found by 
Sabatier and Mailhe to be alumina, thoria, the blue oxide 
of tungsten (WjOj), and kaolin; especially in the case of 
alumina, the physical state has much influence on the 
activity of the catalyst, for as the action is a surface one the 
amorphous oxides prepared from the precipitated hydroxides 
at as low a temperature as jxissible are much more active 
than the oxides 111 a crystalline state or after ignition at a 
red heat. Alumina prepared at a temperature below 400"" 
is a very active catalyst towards the alcohols, but when 
calcined at a bright red heat has almost no catalytic power. 
Thoria, on the contrary, may be heated to redness without 
marked loss of activity, The activity of the oxides always 
diminishes with use, because by di'grecs a deposit of tarry or 
carbonaceous matter is formed on the surface, and no doubt 
because in addition the oxide tends to [lass into the crystal¬ 
line state. Ihoria which has lost its activity may be regen¬ 
erated by exposure to a red heat for a few minutes. With 
any of these catalysts increase of temperature greatly 
increases the velocity of the reaction, but, on the other hand, 
tends to render more prominent the dehydrogenation of the 
alcohol,' and the consequent formation of an aldehyde and 



DEHYDRATION 


H7 


hydrogen. Increase of pressure has the effect of retarding 
the dehydration. 

This method of dehydration of alcohols has been applied 
in several cases, among which the following may be quoted. 

Preparalion of Ethylene by the action of Heated Alumina on 
the Vapour of Ethyl Alcohol} 

In the preparation of (-thylene from ethyl alcohol the 
catalytic action of tlie alumina is dejrendent not only on 
the temperature but also on the physical state of the catalyst, 
the amorphous oxide alone giving a good yield. The value 
of a sample can be tested to some extent by shaking it with 
water; active specimens form a suspension wlulst tlie 
particles of inactive specimens settle quickly. Care must 
be taken to maintain the temp'erature at the point at which 
the yield of (dhylcne is greatest, namely, 360". If the tem¬ 
perature is above tliis point the ethylene begins to decompose, 
the yield of gas dimimshes because the amorphous oxide of 
aluminium is slowly converted into the cry.-talline form, 
and moreover the nature of the action of the catalyst on the 
oxide may be altered in such a way that acetaldehyde and 
hydrogen are found among the products. On the other 
h-tod, if the temperature is below 360" not only does the 
yield of ethylene diminish, but a considerable amotmt of 
ether may pass into the ethylene. 

The primary decomposition of ethyl alcohol in presence 
of alumina, wltich takes place at about 230“, results in the 
formation of ether and water :— 

2CH3 CH2OH = CHj ClVO CHa CHj -h HjO. 

At 360' the ether itself undergoes decomposition into 
ethylene and water ;— 

CHa CHj-O-CHjj'CHa = iCH^.CHj -f 11,0. 

Hence, unless the temperature of the whole apparatus 
containing the catalyst is maintained at 360" a portion of 

* Sprent, /. Soo. Chem. Ini., 1913, S 2 ,171; Ipatiev, J. S<^. Chem. 
Ind., 1913, 32 , 638. 



148 CATALYSIS IN INDUSTRIAL CHEMISTRY 

the ether may pass through undecomposed, especially in an 
apparatus on a large scale. In such a case the ethylene 
always contains some etlicr, sometimes as much as 10 per 
cent, Tlic formation of ether can be reduced to a small 
percentage by preheating the alcohol vapour to 360° before 
it is passed through the tubes containing the catalyst. For 
the production of ethylene in quantity iron tubes 1-5 metres 
in length and 7-5 cm. in diameter were used; these were 
connected with the vessel in which the alcohol was heated. 

Ethylene prepared in this way is not sufficiently pure for 
the catalytic synthesis of ethane, because it contains impuri¬ 
ties which gradually pwison the nickel and eventually make 
it entirely inactive. Traces of impurities such as ether, 
acetaldehyde and isopreiic can be condensed by compressing 
the ethylene at about 50 atmospheres pressure and removed 
by a suitable contrivance in the apparatus. If the alumina 
contains any sulphates traces of sulphuretted hydrogen 
may be found in the gas, but this may be removed by a 
solution of lead acetate. Finally, washing of the gas with 
concentrated sulphuric acid is essential in order to remove 
certain unidentitied impurities which also act as poisons to 
nickel. 

Other examples of the preparation of unsaturated hydro¬ 
carbons by the dehydration of variou.s compounds are found 
in several patented processes for the production of isoprene, 
etc. According to one of these, isoprene is obtained by 
passing the vapours of " an isoaniylene oxide,” or of a 
methylbutane diol, c. g. i:3-dihydroxy-a-methylbutane, or 
of methyl i.sobutyl ketone over a dehydrating catalyst such 
as aluminium silicate at less than atmospheric pressure and 
at temperatures between 400° and 600“. For example, the 
diol referred to breaks down thus :— 

ch,ohch(ch3)chohch, =2HjO 4- 

CHj:C(CH3)CH:CH8.» 

Analogous to this is the preparation of isoprene by heating 
methylbutenol esters with a catalytic substance which will 
* U.S. P. 1094222, 1094223, H0O290. 
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eliminate the acid of the ester, for example, alumina, barium 
chloride, or nickel chloride, at high temperatures and prefer¬ 
ably under reduced pressure; a good yield is obtained when 
alumina is used as the catalyst at 400“ and 50 mm. pressure. 
Thus methylbutcnol acetate 5delds acetic acid and isoprene : 

CH3C(CH3)(0C0CH3)CH:CH2 = CHjCOOH + 

CH3;C{CH3)CH;CH3.i 


According to Ostromisslonski,^ in presence of catalytic 
dehydrating agents such as red phosphorus, sulphanilic 
acid, barium chloride, and esjwcially alumina, acetalde¬ 
hyde or para-acctalclchyde condenses with ethyl or with 
propyl or isopropyl alcohol, yielding erythrene or piperylenc 
respectively;— 


(1) CIVCHO-f CHyCH^On = 2 H 30 -f CHjiCH CHiCHj; 

(2) CH 3 CHO -b (CHsjaCHOH ^alljO + 

CH(CH3):CH-CH:CH3. 


Precipitated alumina gives the best results, but its action ii 
due partly to the presence of various impurities such as basic 
aluminium salts; as the reaction proceeds throughout tire 
mass the alumina must be sufficiently porous and hygro¬ 
scopic. The catalyst soon exhibits fatigue, which is due to 
th deposition on it of resinous and carbonareous products, 
but may be regenerated by exposure to a red heat and 
subsequent treatment with water at the ordinary temper¬ 
ature. The best temperature for the reaction is from 360° 
to 400‘; the mixed vapours of aldehyde and alcohol should 
be heated rapidly to this temperature, and the products 
of the reaction quickly removed from the region of high 
temperature. The reaction is promoted by reduction of the 
pressure. It is stated that mixtures containing 1, 1-5, or 
2 parts of alcohol to r part of aldehyde give approxi¬ 
mately identical yields of erythrene, which may amount to 
25 per cent, of the crude or 16 to 18 per cent, of the pure 
hydrocarbon. 

» Eng. P. 13327 (1913). 

» J. Russ. Phys. Chem. Soc., 1915. W. i 494 . ^ 5 ° 7 - 
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Dehydration of Organic Acids, 

A catalytic method for the preparation of anhydrides from 
the corresponding carboxylic acids depends upon the use 
of acetylene as a dehydrating agent in presence of a catalyst 
such as a mercury salt, a small quantity of an oxidizing agent, 
for example, potassium dichromate, being added at the begin¬ 
ning of the reaction. When acetic acid is treated by this 
method, acetic anhydride and cthylidcne diacctate are 
produced;— 

(1) CHiCH + 2HO CO CH3 ^CHs CHO -b (ClljCOjjO; 

(2) CH3 CHO4 (CHjCO)/) -CHa CHiOCOCHj)^. 

Since the ctlivlid-nc diacetatc breaks down on heating 
(CH3C}f(OCOCIl3)3 CHa'CHO + (Cl IsCO)/)). the mixture 
can be siparated by fractional distillation into acetic an¬ 
hydride and acetaldehyde, or otherwise can be used as a 
solvent for cellulose acetate or other cellulose compounds.* 

In jirocesses such as the above, if the catalyst is formed in 
contact with the substance which is to react with the acetyl¬ 
ene the reaction takes place more quickly and completely, 
and with less tendency towards the formation of tarry 
matters. For instance, in the production of ethylidene 
diacetate from acetylene and arctic acid 1 he catalyst, mercuric 
sulphate, instead of being added as such is formed by first 
dissolving merftiric, oxide, in the aci tic acid and then adding 
the quantity oi sulphuric acid necessary to convert it into 
the sulphatc.- 

Prcparalion of Nitriles. 

A familiar method of preparing nitriles is the distillation 
of the amides or the ammonium salts of organic acids with 
phosphorus pentoxide : R CONH2 == KCN + HjO. The 
reaction may also be clfectcd catalytically by passing-a 
mixture of the vapour of an organic acid and ammonia over 
heated alumina or thoria. KFOOH f NHj = KCN -(- 2H2O.’ 
For example, when the vapour of acetic acid mixed with a 

* Fr. P. ,174828. * Ihd, 475853. 

‘ Epps and Reid, /. Am. Chem . Sot,., 1916, 38 , 2128. 
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slight excess of ammonia is passed through a tube filled with 
fragments of pumice upon which alumina has been deposited 
and maintained at a temperature of 500", acetonitrile is 
formed, with a yield which may amount to 85 per cent, of 
the theoretical. The acetic acid, preferably anhydrous, 
and the ammonia arc conveyed to the catalysing tube through 
separate inlets in such a way that the acid vapour enters 
directly into an atmosphere of ammonia at the reaction 
temperature. The c()ndcus('d liquid in the receiver generally 
forms two layers, of which the upper contains the nitrile 
and the lower ammonium acetate. In time the catalyst 
becomes inactive, being coati'd over with a black deposit; 
its activity depends largely ujxm the method of preparation. 


Preparation of Esters. 

Tlic direct formation of csteis of organic acids by the 
interaction of an acid and an alcohol, 

Jt OH 4 K' COOil = H/) -h R'-COOR, 

takes place slowly even when the mixture is heated, but is 
greatK acceleiaU'd by the presence of catalysts such as 
hydrochlor.c or sulphuric acid. Moreover, it has been 
moved ^ that only small quantities of the catalyst are 
necc.ssary; thus when 2 jiarts of ethyl akohnl containing 
3 per cent, of hydrochloric acid are heated with 1 part of 
benzoic acid the yield of ethyl benzoate amounts to about 
75 per cent, of the theoretical quantity, and again when a 
mixture of 2 parts of the alcohol, i part of tlie acid, and 
0-2 part of sulphuric acid is heated for some time a 90 per cent, 
yield of ester is obtained. 

This method of making esters, many of which are employed 
for flavouring purposes and in making perfumes, is in general 
"use, and is so well known as to make futther description 
superfluous. This is also the case with modifications of the 
process such as the use of anhydrides or acid chlorides in 
place of the organic acids, but a recent proposal may be 
1 Fischer and Speier, Ber., 1895, 28 , 3252. 
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noted. If a mixture of an ester of ethylidene glycol and an 
alcohol is heated, preferably in the presence of a small 
quantity of a catalyst such as sulphuric acid, acetaldehyde 
is evolved and the corresponding ester is contained in the 
residue; for example:— 

CH3CH(OCOCH3)a + 2CJH5OH = CH3CHO + 

HjO + 2CH3-C00CjHj. 

The reaction is said to be general, taking place with both 
primary, secondary, and tertiary alcohols, and with aromatic 
hydroxy-compounds.i 

Sabatier and Mailhc have found that esters can also be 
prepared catalytically, and in some cases with very advan¬ 
tageous results, by passing mixtures of the vapours of an 
acid and an alcohol over heated thoria or titanium dioxide. 
The latter catalyst is preferable in most cases, because it is 
active at lower temperatures than thoria, and also because it 
retains its activity almost indefinitely. Thus when the 
vapours of benzoic acid and an alcohol are passed over thoria 
heated to 330', the acid is largely converted into an ester; 
titanic oxide can be used at a temperature between 280° and 
300°, and if the mixture contains at least 10 molecules of 
alcohol to I molecule of acid the latter is almost completely 
converted into an ester. In presence of these catalysts the 
reaction takes place at temperatures even as low as lao^-iso”, 
but, of course, with lower velocity; at such temperatures 
even formic acid can be esterified in this manner. It is 
stated also ^ that when compounds of gludnum are used as 
catalysts the yields of ester are better than with thoria or 
titanic oxide. 

Preparation of Acetals. 

Acetals may be very conveniently used for many purposes 
In place of the aldehydes from which they are derived. The 
preparation of these, compounds by the interaction of an 
aldehyde and an alcohol, 

E CHO + 2HO K' = II3O -f R CH(0R')3, 

» Fr. P. 478435- * D. R. P. 261878. 
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is best carried out with the aid of catalysts, dilute alcoholic 
hydrochloric acid being in many cases the best. The re¬ 
action is also brought about, or at least promoted, by the 
action of other substances. 

Acetals of the type CH3‘C1I(0R)2, in which R is an alkyl 
radicle, arc obtained by treating a mixture of acetaldehyde 
and an aliphatic alcohol containing from 20 to 50 per cent, of 
the aldehyde, with hydrated or dehydrated chlorides or 
nitrates of aluminium, glucinum, calcium, cerium, lithium, 
magnesium, thorium, etc., with or without addition of hydro¬ 
chloric or other acid. For example, 20 c.c. of a saturated 
solution of sodium chloride and 10 gr. of sodium chloride are 
added to 50 c.c. of a mixture containing 40 per cent, of 
acetaldehyde and 60 per cent, of ethyl alcohol together with 
I c.c. of concentrated hydrochloric acid, and the mixture 
shaken for some time; the upix;r layer is washed with water 
and then with sodium carbonate solution, dried over calcium 
chloride and then over potassium carbonate, and finally 
fractionated.' 

In practice, the preparation is conveniently carried out 
as follows. To a mixture of acetaldehyde and ethyl alcohol 
containing about 33 per cent, of the former arc added about 
one-tenth of iis weight of anhydrous calcium chloride and a 
small quantity of hydrochloric acid. The mixture is shaken 
at intervals for about an hour, and then the upper layer 
which separates is poured into a vessel containing a fresh 
quantity of calcium chloride. After about half an hour, 
when a small lower layer of liquid usually separates, the 
treatment with calcium chloride is repeated for a third and 
then for a fourth time. The liquid is left to stand in contact 
witli the last lot of calcium chloride for about twelve hours, 
then well shaken with anhydrous potassium or sodium 
carbonate to remove traces of acid, filtered, and fractionally 
distilled. Para-aldehyde may be utilized for the preparation 
by mixing it with three times its volume of alcohol, adding 
calcium chloride and hydrochloric acid, and then wanning 


» Eng. P. 101428 (1917)- 
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on the water-bath for a few minutes; the rest of the prepara¬ 
tion is as described. 

Preparation of Mixed Ethers. 

As has been already stated, the catalytic production of 
ethers from aliphatic alcohols at high temperatures is only 
possible in a few cases, for instance, in that of diethj'l ether, 
which is obtained together with only a small quantity of 
ethylene when the vapour of ethyl alcohol is jiasscd over 
alumina (prepared by precipitation and dried at a low 
temperature) heated to 240''. 

Sabatier and Mailhe have found that better results are 
obtained in preparing aromatic ethers by this method, using 
thoria as the catalyst; thus when the vapour of phenol is 
passed over thoria heated to 400' -450 the condensed product 
contains about 50 jkt cent, of diphenyl ether, along with 
unaltered phenol and a certain proportion of (hphenylene 
oxide. It is, however, in the iireparation of mi.xcd ethers, 
containing an aromatic and an aliphatic radicle, that the 
process is used with most advantage. The vapour of a 
phenol mixed with exei-ss of the vapour of an aliphatic 
alcohol is passed through a tube containing thoria and 
maintained at a temperature between 390" and 420’; the 
exa ss of the alcohol is separated from the condensed product 
by fractional distillation. ' Particularly good results have 
been obtained with methyl alcohol and phenol, the cresols, 
thymol, carvacrol, and the najihthols, with production of 
phenyl methyl ether, etc. 

Preparation of .A^nnes. 

Amines may be prepan-d by the interaction of alcohols 
and ammonia in jircsence of a catalyst, thoria being appar¬ 
ently the most effective : ROIl -j- NIL, — R NHj -|- H^O. 
A mixture of the vapour of the alcohol and ammonia is 
passed through a tube containing thoria and maintained at 
a temperature varying from 250" to 350° according to the 
nature of the alcohol. The product obtained by condensa- 
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tion of the issuing vapours is a mixture of aqueous ammonia, 
the primary and secondary amines corresponding to the 
alcohol, and some unaltered alcohol containing a small 
quantity of an unsaturated hydrocarbon in solution; a 
trace of the tertiary amine is usually fonned. In this way 
amines can be obtained readily from the lower fatty alcohols, 
benzyl alcohol, and cyclohexanol and its hoinologues. 

Preparation of Thioakohols. 

Replacing ammonia in the above reaction with sulphur¬ 
etted hydrogen, and using thoria as the catalyst at tempt-ra- 
turcs between 300' and 3S0"', yields ol tliioalcohols which 
surpass 75 per cent, of the theoretical quantities may be 
obtained ; ROH 4- H^S If STI 4 H^O. The other pro¬ 
ducts arc water and small quantities of alkyl sulphides and 
unaltered alcohol. 


Pomi-MEUIZATION 

The polymerization of various classes of substances, that 
is to say, the union of two or more molecules of the sub¬ 
stance with fonnation of a more complex molecule, is fre¬ 
quently either induced or accelerated by the action of 
catalysts. 

Reference has already been made to the fact that the 
formation of benzene by the polymerization of acetylene, 
wliich in the absence of catalysts takes place at a low red 
heat, begins at much lower temperatures if the gas is in 
contact with finely divided nickel, iron, or other metals or 
substances of catalytic activity. It is possible that this 
observation will find practical appheation, for instance, in 
the production of benzene and other aromatic hydrocarbons 
frpm jietrolcum, or even from acetylene itself, but many 
factors will contribute to settle this ixiint. On the other 
hand, a process which promises to be of great technical 
importance is the synthesis of rubber, or of substances closely 
similar in properties to natural rubber, by tlie polymerization 
of various iinsaturated hydrocarbons. 
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Synthetic Rubber} 

S5mthetic rubbers have been prepared by the polymeriza¬ 
tion of certain unsaturated hydrocarbons, particularly 
butadiene (erythrene), CH2;CH CH:CH2, and its homo- 
logucs isoprcnc, CHj:C(CHg) CH;CH2, piperylene, 

(CHglCHiCII-CHiCHs, 

and dipropylene, CH2:C(CH3) C(CH3):CH2. The polymeriz¬ 
ation may lake place spontaneously, at the ordinary 
temperature or on heating, but the process is greatly 
accelerated by the presence of catalysts of %'arious kinds. 
The rubbers so obtained, or some of them, arc capable of 
being vulcanized just like natural rubber, the conditions 
imdcr which they are formed are well defined, and it 
depends upon the cost of jiroduction whether or not they 
will be manufactured on the largi seak-. 

In i860 Greville Williams isolated isoprcnc in a fairly 
pure state from the products of the destructive distillation 
of rubber, and observed that the hydiocarbon becomes viscid 
when kept. If this “ ozonized ’’ isoprene is distilled, 
unaltered isoprcnc conies oft first, the fluid thickens, the 
boihng point rises rapidly, and then a sudden reaction occurs, 
a cloudy vapour rising and the contents of the flask 
solidifying to a white, sfxingy mass which undoubtedly 
contains rubber. 

In 1879 Bouchardat, in order to prepare the hydrochlonde, 
shook up isoprene with a saturated solution of hydrochloric 
acid. On attempting to distil the hydrochloride produced 
he found that a proportion remained as a solid residue, which 
possessed the elasticity and other, properties of rubber 
itself. Two years later Hofmann observed that piperylene, 
an isomeride of isoprene, also shows a tendency to polymerize 
during distillation. 

In 1882 Tilucn dre w attention to the conversion of isoprene 
" into true india-rubber or caoutchouc when brought into 

* Cf. Perkin, J. inc. Chem. Ind., 1912, 81 , 616; Potts, J. Sac, 
Chem. Ind., 1913, 82 , 564. 
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contact with certain chemical reagents, e. g. strong aqueous 
hydrochloric acid as noticed by Bouchardat, or nitrosyl 
chloride as observed by myself,” and pointed out that 
if it were possible to obtain isoprene from some other and 
more accessible source, the synthetical production of india- 
rubber could be accomplished. In 1892 Couturier found 
that dipropylene also poljTnerizes very easily, for instance, 
by the action of heat, and in the same year Tilden showed, 
for the first time, that synthetic rubber, wliich he had 
obtained by the spontaneous polymerization of isoprene, is 
capable of vulcanization, and therefore sufficiently resembles 
natural rubber to be used commercially. 

In July 1910, Matthews sealc;d up some isoprene along 
with metallic sodium, and in the following month discovered 
that the contents of the tube had become viscid and contained 
a proportion of a remarkably good variety of rubber; a 
few weeks later the tube was found to contain a solid mass 
of amber-coloured rubber. Fmther work showed that 
sodium was a general pol5mierizing agent of the first impor¬ 
tance for butadiene and its homologucs, and a patent was 
apphed for in October of that year. According to this 
oatent,* to bring about the polymerization of divinyl (buta¬ 
diene), isoprene, or homologues or derivatives thereof, these 
hydrocarbons are brought into contact with an alkali metal, 
or an alkaline earth metal, or an alloy or mixture or amalgam 
of any of such metals, in the presence or absence of any other 
metal or alloy. Metallic sodium or potassium is sprxially 
suited to tills purjxise. For example, 20 parts by weight 
of isoprene are brought into contact with i part by weight 
of sodium; a small part of the sodium goes into solution 
and after standing some time the liquid thickens, and on 
further standing at tlie ordinary temperature it becomes 
seffid. The unpolymerized portions are removed, for ex¬ 
ample, by steam distillation or extraction with acetone. 
When potassium is used it is advisable to have present 
also some other metal to moderate its action. Products 
obtained from some of the higher homologues and derivatives 
‘ Er.g. P. 24790 (1910). 
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of isoprenc are harder than and do not possess all the charac¬ 
teristics of actual caoutchouc. 

This discovery of the value of sodium as a catalyst for 
promoting the polymerization of isoprene was made a 
month or two later, quite independently, by Harries.^ 

The action of sodium on isoprene and similar hydrocarbons 
is practically quantitative, and is not seriously affected by 
the presence of other hydrocarbons wliich cannot be poly¬ 
merized to rubber. It may also be carried out in the cold, 
or with the appheation of very moderate heat. These ad¬ 
vantages, it is claimed, do not belong to other polymerization 
processes wluch have been proposed. 

Since the date of Matthews’ patent many others have 
been taken out, relating either to new or modified methods 
of inducing the pol\ merization of suitable hydrocarbons 
such as isoprene, or to methods of obtaining such hydro¬ 
carbons. Some of the latter group are mentioned in other 
sections of the book, being classified according to the nature 
of the reactions involved; of the former group the following 
is a summary. 

The polymerization of butadiene or its homologucs with 
production of rubbers can be effected with the aid of anhy¬ 
drides of organic acids as catalysts; for example, isoprene 
heated at 150' with acetic anhydride gives a product possess¬ 
ing the properties of caoutchouc.^ 

The hydrocarbons are heated with organic or inorganic 
acids, or with compounds having an acid reaction, or with 
sulphur, in proportions so small that they promote the process 
of polynierization without injuring the properties of the 
products. Thus an addition of o-2 per cent, of sulphur or 
of 0-002 per cent, of sulphuric acid to (he isoprene will greatly 
increase the yield of crude rubber.® 

Bodies capable of yielding oxygen or of acting as oxygen 
carriers may be used as catalysts; for example, sodium in 
presence of air, old oxidized rubber, perborates, isoprene 
partially oxidized, etc.* 


> Ann., 1911, 383 , 157. 
• Ibid. <( 345 !S 7 . 


“ Fr. P. 43,3825. 
• Ibid. 440173. 
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Butadiene or its homologues or analogous compounds, or 
mixtures of these, are submitted to the action of organo- 
metaUic compounds, in particular the alkyl derivatives of the 
alkali or alkaline eartli metals, or of magnesium; for example, 
the crystalline comiwund of sodium ethyl and zinc ethyl, or a 
mixture of i part of sodium wire and 3 parts of zinc ethyl.i 
The polymerization of butadiene or its homologues or 
analogues to caoutchouc-liki* substances is considerably 
accelerated by the presence of colloidal metals,* or, when 
sodium is used as the catalyst, by carrying out tlie operation 
in an atmosphere of carbon dioxide,’ 

Isopnmc is polymerized by heating with trioxymethylene, 
preferably in a closed vessel under prc'ssure both substances 
may be in a liejuid form, or may be allowed to interact when 
in the state of vapour.’ 

Isoprene yields /t-myreene when left to stand alone, or in 
contact with a catalyst, c.barium peroxide, benzoyl 
peroxide, potassium sulphite, etc., or when heated to a 
temperature not exceeding r5o , and /f-myrci ue in turn 
polymerizes spontaneously, or by the action of heat, light, 
or electricity, either with or without a catalyst. For 
iixamplc, isoprene is heated lor ten days at bo —90 in a 
clos'-d vessel, and the mixture of products thus obtained is 
heated with 20 per cent, of sochum wire at 70'. ' 

The hydrocarbon /?-myrcene. mentioned in the patent last 
quoted, is described by Ostromisslcnski ' as a colourless mobile 
liquid, with a boiling point of bj ~h3'5 at 20 rimi. pressure. 
Its probable formula is '.— 

CHj;CH-C(CH3):CHCH2-CH2-C(CH3):CH2. 

When he<rted at bo^-yo" with sodium and barirun peroxide 
it is quantitatively converted into “ normal ” caoutchouc, 
whereas under similar conditions isoprene would yield an 
“ abnormal ” caoutchouc. It can also be polymerized by 

r Fr P. 446600. * -‘'■ 1959 - 

* Fr. P 459005. ’ Jbid. . 1599 ^ 7 - 

0 Ibid. 475565. 

• J. Russ PItys. Chem. Soc., 1915, 47 , 1941- 
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heating at 70° with sodium alone (5 per cent.), or by being 
left to stand for some months at the ordinary temperature 
after addition of 5 per cent, of benzoyl peroxide. 

The rubbers obtained synthetically from isoprene and other 
similar hydrocarbons correspond not only to the supposed 
constitution of Para rubber, but also to various analogues 
of that substance, and exhibit differences in properties which 
depend upon the constitution of the hydrocarbon from which 
they are prepared by polymerization and the method by 
which this change is brought about. Harries* classifies 
synthetic rubbers in one or other of two groups: the first 
comprising the normal ” rubbers which arc obtained by 
the polymerization of the unsaturated hydrocarbons brought 
about by heating them alone or along with acetic acid; the 
second including the “ sodium ” rubbers obtained by the 
action of the alkali metals, especially sodium, on the hydro¬ 
carbons. The two series are not identical, but exhibit 
various differences. Ostromisslenski,* in the course of a 
discussion of the different synthetic rubbers, claims that the 
product obtained by the polymerization of /1-myrcene differs 
from all previous synthetic caoutchoucs, being perfectly 
identical with natural Para rubber. For further informa¬ 
tion on this point readers are referred to the interesting 
papers by these chemists, abstracts of wliich are contained 
in the Journal of the Society of Chemical Industry from 19x1 
onwards. 

Polyn'erization of Aldehydes to Para-aldehydes. 

Aldehydes of the aliphatic series are particularly prone 
to undergo polymerization, and the linking of the molecules 
can take place in different ways, so that there result com¬ 
pounds of the type of meta-aldehyde, para-aldehyde, and 
aldol, or of ethyl acetate. These reactions are brought about 
by the cataly dc action of substances of very varied character, 
and frequently the presence of a mere trace of the catalyst 
is sufficient. 

* Ann., iijii, 383 , 157. 

• J. Huss. Pkys. Chem. Soc., jgi 6 , 48 , 1071. 
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The conversion of acetaldehyde into para-acetaldehyde, 
which is readily purified either by distillation or by crystal¬ 
lization, is of importance, firstly because para-acetaldehyde 
is frequently used instead of acetaldehyde itself in various 
S3Tithetic reactions of technical value, and in the second 
place because the formation and subsequent decomposition 
of that compound affords a very convenient method for 
the purification of the aldehyde. The reaction is a revers¬ 
ible one, and the same catal3'st wliich brings about the 
polymerization of the aldehyde in the cold induces the 
depolymerization of the para-aldehyde when it is heated 

CIICH 3 

/\ 

0 0 

/ \ 

SCHa'CHO — CHj HC - 0 - CH CH, 

The acetaldehyde is cooled to a temfierature of 4°-5'', and 
a few bubbles of dry hydrogen chloride are passed in, the 
introduction of the gas being stopped as soon as the tem^tera- 
ture begins to rise quickly, which occurs after a few seconds. 
The aldehj’de is left to stand in the cooling mixture for 
4-5 hours, and then agitated with a little aqueous sodium 
carbonate, to remove all traces of acid, and then with a 
liltle w '.ter, dried over calcium chloride and distilled, or alter¬ 
natively cooled until it sohdilies, drained, and pressed in the 
cold. In either case all traces of hydrochloric acid must be 
removed. A simpler method of effecting the polymerization 
is to add to 1 litre of the aldehyde, water cooled, 5 c.c. of con¬ 
centrated hydrochloric acid, and after half an hour 5 c.c. 
more. The liquid is left to stand over night and then 
washed and purified as before. Of course the aldehyde 
should be contained in a vessel with a reflux condenser 
attached. The temperature diould not be lowered below 4“, 
oth'erwise formation of meta-aldehyde takes place. The 
yield is very good. 

Pure aldehyde is readily obtained from the para-aldehyde 
by distillation after addition of a trace of sulphuric 
acid. 

M 
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Polymcrizafinn of Acetaldehyde to Ethyl Acetate. 

Acetaldehyde is converted almost quantitatively into 
ethyl acetate (CH^ CHO f OCH CH3 = CHa CO O CHjj-CHa) 
by means of small amounts of aluminium cthoxide in presence 
of catalysts, particularly the halogen compounds of aluminium, 
tin, or silicon, which are not by themselves capable of forming 
the ester from the aldehyde. For example, 6 parts of alu¬ 
minium cthoxide, containing about 10 jx-r cent, of aluminium, 
are added gradually to 135 parts of acetaldehyde; after 
standing for some hours the acetic ester is separated by 
distillation, the yield being about 123 parts. Instead of 
using the ethoxide and another catalyst the product obtained 
by treating it with water may be employed. The ethoxide 
is better employed in solution, preferably in ethyl acetate.* 

A modified process “ is the treatment of the aldehyde with 
a filtered solution of aluminium ethoxide in an organic 
solvent of high boiling point, e. g. nitrobenzene, xylene, or 
solvent naphtha, at temperatures between o ' and 15°, when 
it is claimed that a yield of 80 per cent, of the theoretical 
quantity of etliyl acetate may be obtained with a consump¬ 
tion of about 5 per cent, of the catalyst. Thus 400 parts 
of acetaldehyde are stirred gradually into a filtered solution 
of 16-20 parts of aluminium ethoxide in 45 parts of dry 
solvent naphtha, the mixture being kept below 15“ by 
thorough cooling After standing for about 24 hours the 
mixture is fractionally distilled; the first fraction contains 
acetaldehyde and may be used again, the next is almost 
pure ester, and the naphtha is recovered from the residue by 
steam distillation. 

The catalytic activity of the aluminium ethoxide may be 
increased by dissolving in it, when in the molten state, 
anhydrous potassium alum, copper sulphate, camphor, etc., 
or by rapidly cooling the molten substance by pouring it'on 
to a cold metal plate, or into a solvent, ethyl acetate being 
suitable for the purpose,® 

* Eng. P. 26825 and 2682O {1913). 

’ IbtJ. 4887 (1915). 


“ Ibid. 1288 (1915). 



POLYMERIZATION. CONDENSATION 163 

Catalysis is also applied in the preparation of aluminium 
ethoxide, which is easily carried out by acting on anhydrous 
ethyl alcohol with aluminium in presence of a very small 
quantity of a catalyst, mercuric chloride, with or without 
the addition of ethyl hahdes or of iodine. The mixture is 
finally distilled under reduced pressure.' 

Polymerization of Acetaldehyde to Aldol. 

Now that aldol has been used as a source of butadiene and 
hence of a synthetic rubber, its formation is of practical 
importance. The union of two molecules of acetaldehyde 
with production of aldol—aCHj'CHO — CHj CHOH'CHj'CHO 
—is easily effected by treatment of tlie aldehyde with dilute 
solutions of fwtassium carbonate or bicarbonate, which act 
as catalysts. 

Condensation 

A number of the catalytic reactions already described 
as well as of those in the following chapter may be included 
in the extensive group of Condensations, and there are many 
orhc" chemical changes of this type in which the " condensing 
e>-’ent ” acts calalytically. A few additional examples may 
be given. 

The syntliesis of aromatic hydrocarbons by Friedel and 
Crafts’ method, in which anhydrous aluminium chloride 
is employed as the catalyst, has already been mentioned, 
but it may be noted that this compound is still more widely 
used to catalyse the preparation of ketones by the interaction 
of an acid chloride and an aromatic hydrocarbon, e.g. 
C,H, + (T CO CH3 = CjHj-CO CHj + HCl. The reaction is 
usually carried out in presence of an indifferent solvent, such 
as carbon disulphide, light petroleum, or nitrobenzene, the 
las^ being particularly useful as it is a solvent for alumin- 
nium chloride, and in many cases the aluminium choiide 
may be replaced by anhydrous ferric chloride. Among the 
acid chlorides used in this way,, carbonyl chloride is of con¬ 
siderable importance. Thus Crystal Violet can be prepared 
1 D. R. P. 286596. 
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by warming a mixture of 40 parts of dimcthylaniline, 10 
parts of aluminium chloride and 6 parts of carbonyl chloride 
for 5-6 hours at a temperature of 2o“-30°. The volatile 
products are then removed by steam distillation, and the 
dj'e salted out and rccrystalhzed from water or converted 
into its sulphate or oxalate.^ 


COClj + 3 C,Hj-^'(CH3)2 


+H2O + HCI 


Dilute hydrochloric acid acts as a catalyst in bringing 
about the condensation between alcohols and aromatic 
amines, b'or examjile, tctraniethyltriaminotriphcnyhnethane 
can be prepared by warming on the water-bath a mixture of 
tetramcthyldiaininobenzliydrol and aniline in presence of 
that acid. After the reaction is complete the liquid is made 
alkaline, the excess of aniline fhstilled off and the solid product 
collected and crystallized from benzene.“ 


N(CH3)2-C,H,^ 


N(CH3)3-C„Ii 


/ 


CH OH -f CjHs NHj = 
N{Cn,)3-CeH,^ 


N(CH,)/CelI, 


/ 


CH'QH.NH, + H..O. 


Hydrochloric acid also catalyses the condensation of 
aromatic ketones, or the corresponding secondary alcohols, 
with indole or its derivatives, which results in the production 
of dyes or the leuco-compounds of dyes. Thus 2-i kilos 
of ^-dianiinobenzophenone and 1-5 kilos of 2:5-(limethyl- 


indole, II , are dissolved in 20 kilos of hot 

CH 

alcohol, 5 gr. of concentrated hydrochloric acid added, and 
the solution heated nearly to boiling for three hours on 
the water-bath. Half of the alcohol is then distilled off, 
and the residual hquid stirred into water containing ice and 
» D. R. P. 26016. * Ibid. 27032. 
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common salt. The dye which separates is filtered off, wadied 
with a little solution of common salt, and dried at 4o“-50°.^ 
Sodium hydroxide or other strong bases such as barium 
hydroxide act as catalytic agents in many condensation 
processes, sometimes even in very dilute solution and in 
very small quantities. Thus the first step in Baeyer and 
Drewsen’s synthesis of indigotin consisted in condensing 
o-nitrobenzaldehyde with acetone by the addition of a small 
‘quantity of a dilute solution of caustic soda, the product 
readily undergoing further condensation with formation of 
the dye:— 


(1) c.H. 


/NO. 


+ CH,COCII, ==C,JI, 


NO, 


+ H,0. 


CHO CH:CHCOCH. 

,NO, ,NII NHs 

(2) 2C,H/ =C.H4< ,C;C' 4 2CH, cooh. 

'‘'CH:CHCOCll, ^ ^ 




Halogen and other derivatives of o-nitrobenzaldehyde can be 
converted in a similar manner into corresfwnding derivatives 
of indigo. 

The production of a- and /8-ionone, cyclic ketones which are 
isomeric with irone, the odoriferous jirinciple of the violet 
an ' which thcnv/'lves have an odour of violets, has attained 
consid'-mble technical importance. The first stage in the 
process is tlie condensation of citral, an unsaturated alde¬ 
hyde contained in lemon-grass oil, with acetone, which takes 
place in presence of barium hydroxide “; - 

C(CH,),:CH CH. CH. C(CH,)'.CH CHO 4 CH. CO CH, = 

H.O 4 C(C}t,).:CH CH, CH, C(CH,):CH CHiCH CO CHp 

The condensation product, pseudo-iononc, when heated with 
dilute acids is converted into a mixture of a- and ^-ionone;— 
CH, CH, cn, CH. 


/ \ ■■ 

H.C CHCH.CHCOCH, H.C CCHiCHCOCH. 

I i I II 

H,C CCH, H.C CCH. 


\c/ 

' C ^ 

H 

H. 

(a-) 

m 

* i). R. P. 127245. etc. 

• Ibid. 73089. 
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Ammonia, and also primary and secondary amines, are 
effective in inducing the condensation of aldehydes with 
malonic or cyanacetic acids,i or their esters.* Thus cinnamic 
acid is obtained when i mol. of benzaldehyde and i mol. 
of malonic acid are mixed with 2 mols. of ammonia in 
about 8 per cent, alcoholic solution and heated in the 
water-bath until all has passed into solution. The alcohol 
is distilled off, and after about three hours the residue is 
heated until evolution of carbon dioxide has ceased. The 
product is dissolved in hot water and the acid liberated by 
addition of hydrochloric acid :— 

CeHj CHO -f CHj(COOH)j = C6H5 CH:CH COOH + 

H2O -j- CO2. 

If the mixture is heated for an hour and a half at 55^-65°, 
the alcohol distilled off at the same temperature under 
reduced pressure, and the residue dissolved in water and 
precipitated by addition of acid, a yield of about 60 per cent, 
of the theoretical quantity of benzyhdcne malonic acid is 
obtained :— 

CjHs CHO -f CH2(C00H)2 = H 2 O -f C„H5 CH:C(COOH)2. 
Similarly, the ethyl ester of citrylidene malonic acid is 
produced when citral is condensed with ethyl malonate in 
presence of a small quantity of ethylamine or of piperidine. 

In order to obtain good yields of amyl acetate or acetates 
of higher alcohols by the interaction of chloropentane or its 
homologues with sodium acetate, the latter should be very 
porous and bulky. The salt is obtained in this form by add¬ 
ing anhydrous sodium carbonate to glacial acetic acid in 
approximately equivalent quantity, and, when the reaction 
is complete, heating the product for 8-12 hours without 
causing it to melt, the temperature being finally raised to 
about 140°. The efficiency of the porous salt thus obtained 
is greatly increased by catalytic agents, particularly copper 
salts. The catalyst may be added either before or during 
the preparation of the acetate, e. g. by adding copper car¬ 
bonate to the sodium carbonate, or copper acetate to the 

* D. R. P. 97735, 1O4296. * Ibid. 94132. 
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acetic acid; a suggested proportion is 3 parts of copper 
acetate to 72 parts of sodium acetate."^ 

In 1901 Grignard showed that magnesium reacts vigor¬ 
ously with alkyl and aryl haUdcs in presence of ether at the 
ordinary temperature, and that the compounds produced, 
which have the general formula R.Mg.X. where R is an 
alkyl or aryl radicle and X a halogen radicle, are synthetic 
agents of the utmost importance. In the preparation of the 
“ Grignard rfagcnt ” catalysts play an important part, 
some in promoting and others in hindering the reaction. 
Tlius the reaction is retarded by the [iresencc of substances 
such as anisole, ethyl acetate, chloroform and carbon disul¬ 
phide; whilst, on the other hand, the presence of a trace of 
iodine often facil fates the interaction of magnesium and 
alkyl halides, and the addition of a trace of a magnesium alkyl 
haUde promotes tlr formation of magnesium aryl halides, 
e.g. phenyl magnesium bromide. Moreover, as was shown 
by Bacyer, the inteivction of halogen derivatives of anihne, 
dimetliylaniline, etc., with magnesium can be brought about 
by " activating ’’ the metal, that is to say, by depositing a 
thin film of magnesiun iodide on its surface. It has also 
been discovered that the formation of magnesium organic 
compounds of this type can be brought about in inert 
solvents, such as bcnzeie, light (ictrolcum, etc., instead of 
in ether, through the citalytic action of tertiary amines, 
c.g. dimetliylaniline. Tlis mode of formation of the Grig¬ 
nard reagent has the advintage that subsequent ojierations 
can be carried out at higltr temperatures than when ether 
is the solvent. 

When passed over alumim heated to about 300° mixtures 
of acetylene with either subhuretted hydrogen or sulphur 
vapour condense to form thioftien. The method is satisfactory 
for the production of thiophin on the large scale, since it 
yields a product containing oily small proportions of higher 
homologiies of thioplien aid is not accompanied by 
perceptible charring of the aictylene. Under similar con¬ 
ditions mixtures of acetyleie and steam yield furane, 
» Eng. P. 2779 (1913). 3133 (1913)- 
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and mixtures of acetylene and ammonia, when passed over 
alumina, ferric oxide, or chromic oxide, at temperatures 
slightly above 300°, give principally pyridine bases, consisting 
mainly of a- and j'-picolincs together with 2-methyl-3- 
ethylpyridine.* 

When a mixture of acetylene and sulphuretted hydrogen 
in the proportion of two volumes of the former to one volume 
of the latter is passed, at a tcrapcTature of 320", over bauxite 
previously partially n-duced by treatment with hydrogen at 
380", four-fiftlis of the liquid obtained by cooling the reaction 
gases distils b<‘low 93 ’, and is nearly pure thiophen, liigher 
condensation products being formed only in small quantities.* 
Tile production of the valuable synthetic resins known as 
Bakehte is based upon the condensation of phenol or crcsol 
with formaldehyde or with such substances as trioxy- 
mcthylene, methylal, and hexamcthylenc tetramine. The 
first products obtained are liquids or solids, and these under 
the influence of heat become hard insolubli' and infusible 
substances of a high chemical and nechanical resistance. 
In order to bring about the condensation small quantities 
of alkalis, of substances with an alkaline reaction, or of 
substances which yield alkalis are enployed. The products 
obtained differ somewhat in propjrties according to the 
nature of the condensing agent usee.* 

' Tschitschibabiii, /. Rms. Phys (hem. Sue., 1915, 47 , 70J. 

• Eng. P. 109983 (1919). 

’ Cl. Lebach, J. Sac. Chem. Ind., 1913, 32 , 559. 



CHAPTER VII 

Preparation of Hydrocarbons 

One or two methods of jireparing hydrocarbons, in addi¬ 
tion to those referred to in previous pages, involve the use of 
catalysts. 

The great demand for toluene has led not only to econo¬ 
mies in its recovery from the products of the distillation of 
coal, but also to processes for obtaining it synthetically from 
the more abundant hydrocarbon benzene. One of the latter 
is based upon the well-known reaction of Fricdel and Crafts, 
in which the action of alkyl halides on benzene is induced 
by the presence of anhydrous aluminium chloride, and 
indeed only differs from (his process in so far that some iron 
turnings arc added to the catalyst. Hydrochloric acid (only 
required in sufficient quantity to make up losses) is generated 
in a still and passed along with the acid liberated in the subse- 
qiK-nt stages of the process through suitable drying towers, 
and then through vessels charged with fused zinc chloride 
and methyl alcohol; these vessels are heated by steam coils 
and connected with reflux condensers to condense; any methyl 
alcohol which chstils off. The methyl chloride formed is 
dried and passed through a series of towers provided with 
bubbling trays and charged with benzene and anhydrous 
aluminium chloride mixed with iron turnings; the towers 
are also heated by steam coils, so that the temperature of the 
bjenzene is maintained at 45“-5,V’. When the benzene in 
the first tower has been converted into toluene that tower 
is shut out of the series, and the toluene is drawn off, passed 
through a filter press, and washed to remove aijy dissolved 
hydrochloric acid; the tower is then recharged with benzene 
and coimected last in the scries. The hydrochloric acid from 

169 
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the last tower is collected in a receiver and returned to the 
process at the beginning.* 

According to another patent,* a chloro- or other halogen 
derivative of a hydrocarbon is heated to i50°-200° with a 
hydrocarbon in presence of phosphonis pentoxide, to act 
as a catalyst in the liberation of hydrochloric or other 
halogen acid. One gram-molecule of the halogen compound 
is said to require only from 2-3 gr. of commercial phosphorus 
pentoxide, whereas a much larger quantity of aluminium 
chloride would be necessary. The pentoxide is recovered 
by extracting the organic compound with a suitable solvent. 
Ketones are obtained in a similar manner by using an acid 
chloride in place of a chloro-derivative of a hydrocarbon.* 

Preparation ok Halogen Derivatives 

The velocity of these reactions in which substitution 
derivatives of carbon compounds are obtained by the action 
of chlorine or bromine is greatly increased by the presence 
of small quantities of appropriate catalysts. Among the 
most commonly used “ chlorine (bromine) carriers ” are 
iron in the form of powder or wire, aluminium and amal¬ 
gamated aluminium, tin, sulphur, iochne and iodine mono¬ 
chloride, the pentachlorides of phosphorus, antimony and 
molybdenum, aluminium chloride, ferric chloride, stannic 
chloride, and the corresponding bromides These carriers all 
take part in the reaction, either through the formation of 
unstable compounds vrith the halogen, which in turn react 
with the carbon compounds, or by the continued formation 
and decomposition of the higher halide of the catalyst when 
more than one can exist, or by the formation of intermediate 
products, e.g. tlie compound of aluminium bromide and 
nitrobenzene, which readily enter into reaction with the 
halogen, the catalyst being liberated. 

The following are examples of the employment of these 
catalysts. 

In order to obtain monochloroacetic acid chlorine is passed 
into boiling acetic acid which contains a little sulphur in 

* Eng. P. 8886, 9437 (1915). ’ D. R. P, 281802. 
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solution, or to which a little red phosphorus has been added. 
After about twelve hours the process is finished and the 
product is purified by distillation; 8 parts of acetic acid 
yield about 10 parts of monochloroacetic acid together 
with a little acetyl chloride. It is noteworthy that when 
chlorine is passed into cold acetic acid containing a little 
sulphur or sulphur chloride, acetyl chloride and not mono¬ 
chloroacetic acid is produced. 

Chlorobenzene, which is used in large quantity, is pre¬ 
pared by the action of chlorine on benzene at the ordinary 
temperature and in presence of a catalyst. It is stated 
that the addition of a mixture of ferric chloride with finely 
divided iron facilitates the process to a remarkable extent. 
Tlie reaction proceeds with regular evolution of hydrochloric 
acid and without any notable increase of temperature, so that 
external cooling is unnecessary. The process is interrupted 
before all the benzene in the reaction vessel has been chlori¬ 
nated; the principal product is chlorobenzene, with only 
small quantities of dichloro-derivatives. After distillation 
at a temperature below 80'' the catalyst remains as a dry 
mass in the vessel; as a result of the reaction it has gained 
in efficiency and can be used again with advantage.* As 
an example of the results of this process. 300 kilos of benz¬ 
ene containing i kilo of ferric chloriffi; and i kilo of 
iron powder were treated with chlorine. The total yield, 
after two chlorinations of the first runnings from previous 
operations, was 335 kilos of chlorobenzene, 24 kilos of pure 
^-dichlorobenzene, and 13 kilos of a mixture of chloro- 
derivatives; 230 kilos of chlorine were used and 115 kilos of 
hydrochloric acid gas recovered. 

A suitable catalyst for tliis process is prepared by mixing 
equal weights of iron, reduced by hydrogen, and of hydrated 
icrric chloride. These are thoroughly triturated in a mortar; 
at first liquefaction occurs, but after a time the temperature 
rises and the mass becomes solid. It is finely ground and 
carefully dried. A subchloride is said to be formed.^ 
w-Dinitrobenzene is rapidly converted into symmetrical 
* D. R. P. Z19241. * U.S. P. 1189251. 
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chlorodinitrobenzeneif chlorine is led into the melted dinitro¬ 
compound in presence of iron wire, whereas in absence of 
the catalyst elimination of the nitro-groups occurs with 
formation of w-chloronitrobenzene and w-dichlorobenzene.* 
Dinitronaphthalene may be chlorinated in a similar way.** 
Tetrachlorobenzaldehyde, a valuable intermediate for the 
manufacture of triphenylniethane dyes, is produced by the 
following series of reactions. Dry chlorine is passed over dry 
toluene containing anhydrous ferric chloride at I2°-I5°, the 
mixture being stirred; when trichlorotoluene crystallizes 
out the mass is melted by heating to 45' -5o"', then cooled to 
35“ and chlorine again passed in, the temperature being 
gradually raised to 50", until the necessary increase in weight 
has been gained. On fractional distillation a yield of 90 
per cent, of the theoretical quantity of tetrachlorotoluene 
is obtained. Further treatment with chlorine at ioo°-i3o° 
in presence of light, particularly of ultraviolet rays, con¬ 
verts this compound into tetraehlorobenzylidene chloride; 
the corresponding aldeh}'dc is jjroduced by dissolving the 
chloride in concentrated sulphuric acid and pouring the 
solution into ice-cold water.’’ 

In the preparation of benzyl chloride from toluene the 
presence of phosphorus trichloride facilitates the introduc¬ 
tion of chlorine into the side chain and increases the velocity 
of the reaction. A rapid stream of chlorine is passed into a 
mixture of 100 parts of toluene and i part of phosphorus 
trichloride, heated to boiling and if jwssiblc exposed to 
sunlight, until the temperature of the liquid has risen to 
155°. ITiis requires from three to eight hours. After 
repeated distillation of the product about 80 parts of pure 
benzyl chloride, togetlierwith some benzylidine chloride and 
unaltered toluene are obtained. 

In the chlorination of naphthalene in the state of vapour 
by means of chlorine, ferric oxide, cupric oxide, or pumice 
serve as catalysts.* 

The employment of a catalyst is sometimes useful in 

* D. K. 1’. 108165. “ lUd. 134306. 

• Eng. P. 16317 (1914). * VJ-S. P. 914251. 
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additive reactions as well as in processes of substitution, 
for example, in the preparation of acetylene tetrachloride 
by the direct combination of acetylene with chlorine :— 

CHICH + 2CI2 =CHCl2CHCl2. 

In the absence of catalysts this reaction may result in 
explosions, but in their presence proceeds more smoothly 
and has gained technical importance. When passed into 
acetylene tetrachloride containing some antimony penta- 
chloride acetylene is absorbed, a double compound of 
acetylene dichloride and antimony pentachloride being 
formed; if chlorine is then passed into the mixture the 
double compound is broken down with formation of 
acetylene tetrachloride and liberation of the chloride of 
antimony. The alternate introduction of acetylene and 
of chlorine into the liquid is continued, and finally the 
acetylene tetrachloride is separated from the reaction 
product by fractional distillation. Ihe chlorides of iodine, 
sulphur, or aluminium or iron may be used as catalysts 
instead of the chloride of antimony.' 

Acetylene tetrachloride (sym. tetrachloroethane) is used 
as a solvent and also as the starting-point for the prepara¬ 
tion of other cotniwunds, di-, tri-, and tetra-chloroethylene 
and penta- and hexa-chloroethane, which are of practical 
importance. For example, when acetylene tetrachloride 
is heated to a high temperature, e. g. 300“, with the chloride 
of a tetravalent metal, the products are said to be pure tri¬ 
chloroethylene and hydrochloric acid only ’;— 

CHClijCHCla =CHCl;CClj + HCl. 

SULPHONATION 

In some cases, at least, catalysts are employed with ad¬ 
vantage in the sulphonation of aromatic compounds; their 
influence is in the direction either of simply promoting the 
process, or in addition of affecting the course taken by the 
reaction. 

» D. K. P. 154657. 


‘ Ibid. 2O3457. 
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The sulphonation of benzene may be cited as an example 
of the former effect. It is claimed that the preparation of 
benzene monosulphonic acid may be carried out with weaker 
sulphuric acid and in a shorter time if a trace of iodine is 
added to the reaction mixture. Seventy parts of benzene, 
146 parts of sulphuric acid, and 0-25 part of iodine are heated 
under a reflux condenser for five hours, when sulphonation 
is complete. The iodine is recovered by adding water to the 
product and filtering.^ 

The influence of a catalyst in modifjflng the course of the 
reaction is shown by the effect of the presence of mercury 
salts in the sulphonation of anthraquinonc. If no catalyst 
is present acids containing the sulpho-groups in the ^-posi¬ 
tions to the carbonyl groups are obtained, but the addition 
of a little mercuric sulphate induces the formation of 
a-sulphonic acids; moreover, the reaction takes place at a 
lower temperature, and good yields are obtained with fum¬ 
ing sulphuric acid containing a smaller percentage of sul¬ 
phuric anhydride. For example, when a mixture of 100 
parts of anthraquinonc, 200 parts of fuming sulphuric acid 
containing 40 per cent, of anhydride, and i part of mercury 
is heated slowly to iso ’-ifio" and kept at that temperature 
for one hour, a mixture of the 1:5- and i:8-anthraquinone 
disulphonic acids is obtained.^ 



On the other hand, if 100 parts of anthraquinonc are 
heated with 200-300 parts of fuming sulphuric acid con¬ 
taining 45-50 per cent, of sulphuric anliydride at ibo^-iyo® 
until a sample dissolves completely in water, without the 
addition of mercury, the product is 4 mixture of the 2:6- 
and 27-disulphonic acids:— 


SO, 




CO. 


\/\. 


SO,H 




\/\coA/ 


> Eng. P. IZ260 (igts). 


• D. R. P. 149801, 157123. 
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In all probability the action of the mercury salt in this 
sulphonation process depends upon the formation of an 
intermediate mercury compound which then enters into 
reaction with the sulphuric acid. 

In the sulphonation of benzoic acid also the position taken 
up by the sulpho-group is influenced by the presence of 
catalysts such as mercury salts. If the process is conducted 
without the addition of a catalyst practically nothing but the 
7n- and ^-sulphonic acids are produced, but if a little mercury 
is added as much as 7-5 per cent, of the o-acid is found in the 
product, 1 

The sulphonation of pyridine may be readily accomplished 
by heating it with sulphuric acid in presence of vanadyl 
sulphate. Poor yields arc obtained if the pyridine is impure 
or if the heating is prolonged, when part of the sulphonic 
acid is completely destroyed and part reconverted into pyri¬ 
dine, Ferric sulphate also acts as a catalyst during the 
sulphonation, but at the same time decomposes the sul¬ 
phonic acid, the latter effect becoming more pronounced 
when the period of heating is prolonged,® 

Catalysts are sometimes effective in promoting the elimina¬ 
tion as well as the introduction of su]pho-groui>s, Tlius 
anthraquinone a-sulphonic acid is easily converted into 
, anthraquinone wdicn boiled with dilute suiphuiic acid con¬ 
taining some mercuric sulphate, whilst in the absence of a 
catalyst the reaction is very incomplete; a-sulpihonic acids 
of related compounds behave in a similar manner,® 


Nitratio,m 

The following method of nitration is catalytic in character 
in so far as the oxides referred to may apparently be used for 
an indefinite period. Oxides of nitrogen diluted with air 
are absorbed by o,xide of zinc, oxide of copper, or another 
metallic oxide of low basicity. The product is heated in 
an iron tube to 290°, a mixture of air and benzene vapour 

» Ber., 1907, 40 , 2413, “ D- R- P- 160104, 

* Meyer, Matiatsh., 1914, 36 , 765, 
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passed in, and the temperature raised slightly. Formation 
of nitrobenzene begins at 300°; the temperature must not 
be allowed to rise above 350", otherwise decomposition sets 
in. The yield, calculated on the quantity of oxides of 
nitrogen used, is quantitative. If toluene is used instead of 
benzene, the product contains about 81 per cent, of o-nitro- 
toluene and 11 per cent, of w-nitrotoluene.' 

Deeivatives of Amines 

The replacement of hydrogen in ammonia or amines by 
the phenyl group or by other aromatic radicles is not easily 
effected, but if a catalyst is added to the reacting mixture 
a very great increase in the velocity of the reaction is pro¬ 
duced. Copper powder has been found of particular service 
in such cases; thus when /i-nitroaniline is prepared by 
heating ^-chloronitrobenzenc with an excess of strong 
ammonia in an autoclave at a temperature of about 170° 
the reaction 

/Cl ,NH, 

C,h/ +NH, - C.H.( -t-HCl 

is facilitated by the addition of metallic copper,“ and again 
in the preparation of phenylglycinc o-carboxylic acid by 
the interaction of o-chlorobenzoic acid and glycine the 
presence of a mere trace of the catalyst permits the reaction 
to be completed in one-fourth of the time required if copper 
is not added to the mixture.® 

Phenylanthranihc acid is formed when copper powder is 
added to a boiling solution of o-chlorobenzoic acid in aniline: 

/Cl /NHC.H5 

C,H / + C.Hs NH, = C,q / HCl. 

\COOH XOOH 

Salts of iron, nickel, platinum, and zinc also act as catalysts, 
whilst salts of manganese and tin do hot; the best catalyst 
is copper, of which a trace suffices. The action is general 
> D. R. P. 207170. * Ihid. 204591. * Ibid. 143902. 
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for the preparation of other aryl antliranilic acids, since 
other aromatic amines may be substitiited for aniline. In 
order to obtain good yields, the addition of amyl alcohol 
or nitrobenzene to th(; mixture of amine and acid is of service. 

Similarly, substitution derivatives of o-chlorobenzoic acid, 
e. g. 2-chloro-4-nitrobenzoic acid, or 2:4-dichlorobenzoic 
acid, yield with aniline, etc., substituted diphenylamine 
o-carboxylic acids ^;— 


COOH 


NH„ 


NO^ 


\/ 


COOH 

NIL/ 


\ / 

NO., 


n 

\/ 


+ IICl 


Not only m('tallic copper but also cujrrous iodide and 
iodine hav'e been recommended for use as catalysts in the 
preparation of various derivatives of amines, such as diphenyl- 
aminc,''* /)-nitrodiplienylainine,® plienyl-a-naphthylamine,'' 
and methyl or ethyl anilines.^ Thus to prepare /)-nitrodi- 
plicnylamine, o-i part of iodine is dissolved in 10 parts of 
/>-chloronitrobenzene, 0-3 part of linely divided copper added, 
and the mixture heated until tlu' coloration due to cuprous 
iodide appears. Then 75 ])arts of aniline and 5 parts of 
jxitassium carbonate are .iddcd, and the whole heated under 
u leflux condenser for 20 hours. The mixture is acidified 
with hydrochloric acid, the unchanged ^-chloronitrobenzene 
driven off with a current of steam, and the residual 
^-nitro-compoimd crystallized from benzene or alcohol. 
Again, dimethylaniline is prcjiared by heating 93 parts of 
aniline, 96 parts of methyl alcohol, and i part of iodine 
for seven hours at a temperature of 2jo°. The product is 
separated from the water produced, and, after removal of the 
iodine with alkali, distilled under reduced pressure. The 
yield is said to be quantitative. 

The method is ajiplicable to the preparation of derivatives 
of naphthalene and of anthracene as well as of benzene, 
for it has been found that halogen and amino-derivatives 

‘ Ullmann, Ann ., 1907, 855 , 3I.2. * Tr- T- 

» D. K. P. 185O63. " Ibid . 241853- ‘ 250236- 

N 
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of these hydrocarbons or of naphthaquinone or anthra- 
quinonc interact under the catalytic influence of small 
quantities of copper or copper salts; the reaction is generally 
carried out with addition of anhydrous sodium acetate and 
with or without a diluent such as nitrobenzene. Thus 
when i-aminoanthraquinonc is heated with i-chloroanthra- 
quinone a dianthraquinonylamine is obtained ^;— 

Cl NH, 


/\/^^\/ \ 
If 11 + 
V\co/\/ 




\/Xco 
/'\/‘^°X/X 


X/Xr 


-KH /^/CO 

(I i i I I + HCl. 


CO- 




Xc XX 


As a general rule compounds of this type possess no 
dyeing {iroperties, but the condensation of two molecules 
of an aminoanthraquinone with one molecule of a dichloro- 
anthraquinone or of two molecules of a chloroanthraquirione 
with one molecule of a diaminoanthraquinonc gives rise to 
trianthraquinonylamines, several of which arc important 
dyes, c. g. Indanthrcnc Red G., indanthrene Bordeaux, ctc.“ 
For example, 20 kilos of 2-chloroanthraquinone, 10 kilos of 
i;5-diaminoanthraquinone, 15 kilos of anhydrous sodium 
acetate, J kilos of cuprous chloride and 600 kilos of naph¬ 
thalene or benzene are heated for Iv20 hours under a 
reflux condenser. The new compouiid obtained contains 
three anthraquinone residues linked by two NH groiqrs ®;— 

ccx CO CO. 

Cf,n/ iC^H, 

CO' -CO''^ 


Diazo-compounds 

As a general rule the convcision'of aromatic amines or 
their substitution derir atives into diazonium salts is readily 
effected, but in the case of aminonaphthol sulphonic acids 
a special difficulty arises, because nitrous acid has an 
' I'r. P 357138. 

* Kng P 10,32* (igo6), 4235 (1907). 9219 (1909). 

“ i'r. P. 3O5919, 
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oxidizing action on these compounds and tends to pro¬ 
duce naphthaquinone sulphonic acids; licnce the yield of 
diazonium salt is frequently very poor. 

This difficulty is overcome by carrying out the process of 
diazotization in the usual manner, but with the addition of 
a small quantity of a copper salt, usually copper sulphate, 
'fhe catalyst not only accelerates the process, but also 
reduces the oxidizing action of the nitrous acid to a minimum 
or suppresses it completely. Iron or zinc salts may also be 
used as catalysts.* 

The aminonaphthols themselves can be converted into 
diazo-oxides by diazotizing in presence of copper salts, 
whilst in absence of a catalyst the process only takes place 
with difficulty.^ 

The catalytic influence of cuprous salts (Sandmeyer) or 
of copper powder (Gattermann) in promoting the replace¬ 
ment of the di.i'/.o-grouj) by the chlorine, bromine, or cyanogen 
radicle is of the greatest possible practical importance, but 
is so well known that mere mention of the use of catalysts 
in these reactions will suffice. 

Catalysis of diazo-compounds is also employed in a process 
for the preparation of organic arseno-compounds, according 
lc< which a salt of arsenious acid or of an arylarscnious acid 
in solution or suspension is treated with a diazo-compound 
in presence of a catalytic agent such as copper powder, a 
copper compound, silver, ctc.“ The resulting compounds 
differ from those of the type K ,4s(OH)2 [e. g. C^H^Br’ 
AspH)^), prepared by the action of diazonium salts of 
substituted aromatic radicles on compounds containing the 
group — As(OH) 2 or — As: 0 ,* in that they are readily 
reduced to arsenobenzene derivatives by liydrosulphites in 
the cold. 

Preparation of Aldehydes and Ketones 

In a previous chapter it has been shown that aldehydes 
and ketones may be obtained by catalytic dehydrogenation 

* D. R. I'. 171024, 172446, 17559.5. * 761^,172446. 

’ Ikd. 254092. * Eng. P. 568 (1911). 
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of primary and secondary alcohols respectively at high 
temperatures, but this is not the only method of preparing 
those compounds in which the presence of catalysts is of 
service. 

Benzaldehyde is usually prepared from toluene by con¬ 
version of tlie hydrocarbon into benzylidenc chloride and 
subsequent hydrolysis of the latter with water containing 
milk of lime: CoHs'CHCl^H^O = C5H5CHO-f-2HCI. 
It has been found that the hydrolysis of the chloride is 
greatly accelerated by the addition of a small quantity of 
finely divided iron, and that in this case it is not necessary 
to add milk of lime to the water. Ilie process is carried 
out as follows : 60 kilos of crude benzylidene chloride are 
heated by indirect steam to 20-25 ,20 gr. of powdered iron 
are added, and the whole covered with 10-15 kilos of water. 
The vessel containing the mi.icture is connected with an 
apparatus for the aiisorption of hydrochloric acid, and the 
temperature raised to 90 -95". The reaction proceeds 
rapidly, and when the evolution of hydrochloric acid has 
ceased the contents of the vessel are made alkaline by addi¬ 
tion of milk of lime (prepared from 9-10 kilos of quicklime) 
and the benzaldehyde distilled over with steam. Crude 
benzylidene chloride always contains benzotrichloride, which 
is also hydrolysed with formation of benzoic acid, 

CjHj CCls -j- 2H/J =CsHj-COOH -f 3HCI, 

which, of course, reacts with the calcium hydroxide to form 
calcium benzoate. After removal of the benzaldehyde, tlie 
residue is filtered and the filtrate acidified with hydrochloric 
acid, when benzoic acid separates. 

The same process is used to prepare benzoic acid from 
commercial benzotrichloride, with thd modification that a 
considerable quantity of milk of lime is introduced from the 
start, in order to neutralize the acids produced by the hydro¬ 
lysis of the trichloride; this accelerates the reaction and pro¬ 
tects the walls of the vessel from corrosion. For example, 
20 gr. of powdered iron arc added to a mixture of 60 kilos 
of benzotrichloride and 200 kilos of milk of lime, containing 
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34 kilos of lime. At the start heat is applied by means of 
a steam jacket, but this is soon discontinued because the heat 
of the reaction is sufficient to allow the process to continue 
once the temperature of the mixture has been raised to 50°. 
When the reaction is complete the benzaldehyde formed by 
hydrolysis of the benzylidene chloride present in commercisd 
benzotrichloride is removed by a current of steam, the 
mixture filtered, and the benzoic acid precipitated by addition 
of hydrochloric acid.^ 

In order to dispense with the more expensive toluene, 
several methods have been devised for the direct production 
of benzaldehyde from benzene; two of these, which involve 
the use of aluminium chloride as catalyst, are due to 
Gatteimann. 

By passing a mixture of carbon monoxide and hydro¬ 
chloric acid into aromatic hydrocarbons of the benzene 
series in presence, of cuprous chloride and aluminium chloride 
aldehydes of the benzem', scries are formed. The mixture 
of HCl and CO acts on the hydrocarbon as if it were the 
hypothetical formyl chloride, H CO Cl; thus;— 

CeHj 4- H-CO-Cl = CJI5 CHO -f- HCl. 

For example, a mixture of dry hydrogen chloride and 
• carbem monoxide is passed through a mixture of 10 kilos 
of benzene, 10 kilos of aluminium chloride and i kilo of 
cuprous chloride at a temperature of 40^50" for about six 
hours, the whole being well stirred; a further quantity of 
5 kilos of aluminium chloride and 0-5 kilo of cuprous 
chloride is then added and the mixed gases passed through 
for other six hours. The mass is then paired into ice water 
and steam distilled; the benzaldehyde is separated from the 
unchanged benzene which passes over by means of sodium 
liydrogen sulphite.* 

Aromatic aldehydes arc also obtained by acting on 
aromatic hydrocarbons, [ilienol ethers, etc., with a mixture 
of hydrocyanic acid and hydrochloric acid in presence of 
aluminium chloride and decomposing the compounds 
‘ D. R. P. 82927, 85493. * Eng. P. 13709 (1897). 
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produced by means of acids. The mixed acids, in the gaseous 
state, are allowed to act on the mixture of the hydrocarbon 
and aluminium chloride for several hours at a temperature 
of 35°-40°. The rai.xture of HCl and HCN behaves as if it 
were imino-formyl chloride, NH:CHC 1 , yielding with the 
hydrocarbon an imino-derivative of the aldehyde :— 

CjHe + NH:CHC 1 = C,Hj-CH:NH + HCl; 


this imino-derivative is then hydrolysed by the action of 
aqueous acids : C,H5’CH:NH + H^O = CcHs’CHO + NH3. 

The process is specially suitable for introducing the CHO 
group into phenol ethers.' 

It is also claimed that aromatic aldehydes arc obtained 
by the action of carbon monoxide under increased pressures, 
e. g. from 40 to 90 atmospheres, on aromatic hydrocarbons 
or their substitution derivatives in presence of aluminium 
chloride ; C3H5 -f CO = CjIIj CHO. The presence of a 
little hydrochloric acid is sometimes an advantage. Good 
results are said to be obtained in cases where Gattermann’s 
process fails or gives unsatisfactory yields.“ 

A well-known method for the production of ketones is the 
distillation of the calcium or barium salts of organic acids : 


RCOO.^ 

RCOO/ 


Ca = R CO R + CaCO,. At high temperatures mono-, 


basic acids themselves break down, partly into ketones, 
carbon dioxide and water, and partly into hydrocarbons and 
carbon dioxide, but under these conditions the ketones 
and the hydrocarbons are also more or less completely 
decomposed and complex mixtures of products result. In 
presence of suitable catalysts, however, the decomposition 
of acids is facilitated, and the process,may be applied with 
advantage in the preparation of many simple and mixed 
ketones. 

Such a catalytic decomposition of acetic acid was described 
by Squibb more than twenty years ago.® According to this 


* Fng. P. 19204 (1897). * Ibid. 3152 (1915). 

• J. Soc. Chem. Ind., 1895, 14 , 506; 1896, 16 , 612. 
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observer the vapour of acetic acid passed through a tube 
heated to about 500“ suffers only a small amount of decom¬ 
position. The decomposition is increased when the tube 
is filled with pumice, and becomes nearly complete when 
barium carbonate is present in addition, the acid breaking 
down into acetone, carbon dioxide and water ;- 

• 2CH3 COOH = (CH3)X0 + CO, I- H3O. 

The yield of acetone is about qo pt:r cent, of the theoretical 
quantity. Apparently the. carbonate of any other metal of 
which the acetate yields acetone on distillation, or such 
acetates, may be used as catalysts instead of barium 
carbonate. The temperature of decomposition ajipcars to 
vary with the character of the carbonate employed and also 
with its physical state. 

These observations have been extended by .Senderens and 
by Sabatier and Mailhc,* who showed that whilst the alka¬ 
line earth carbonates are very good catalysts for acetic acid, 
precipitated chalk, for instance, at 450 ' transform, ,ig the acid 
into praetically pure acetone, with propionic acid the yield 
of the corresponding ketone is less satisfactory, and with the 
higher fatty acids still less so. On the other hand, zirconia 
and particularly thoria act as cllicient catalysts in the 
' jirodiict’on both of fatty ketones, of mixed latly-aromatic 
ketones, and to some extent of aromatic ketones, and may 
be used at tempc'raturcs below 400®, even at eoo'h Moreover, 
other oxides may be used with very good results; thus 
ferric o.xide in many cases gives satisfactory yields, and when 
it fails manganous o.xide may be employed. The latter oxide, 
indeed, appears to be an excellent catalyst for the produc¬ 
tion of ketones from both fatty and aromatic acids, or 
mixtures of these. The vapours of the acid are oassed over 
a.layer of manganous oxide about 60 cm. long heated to 400®- 
450°. The oxide may be used rcixxitedly, and since little 
carbonization or pol5'merization occurs the yields of the 
ketones are in most cases almost quantitative. 


‘ Cowpt. tend., 1912, 164 , 1518; 191,1, 158 , 830. 
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Mailhe has also discovered that the employment of titan¬ 
ium dioxide as a catalyst leads to a general method for the 
production of aldehydes from acids. The vapour of the 
acid to be transformed, mixed with an excess of the- vapour 
of formic acid, is passed over a layer of titanic oxide heated 
to a temperature of 300". Carbon monoxide and carbon 
dioxide escape, and the condensed product contains water, 
the aldehyde, and unchanged acids, from which the alde¬ 
hyde can be easily separated :— 

R-COOH -f H-COOH =R-CHO -b CO^ -f Hp. 

Aldehydes containing up to nine carbon atoms have been 
prepared with yields varying from 40 to 90 per cent., but 
apparently the aromatic acids do not give good results. 


Sulphur CoMUOtTNus 

Another group of reactions in which the influence of 
catalysts has proved to be of value includes the i)rej)aration 
of various classes of organic sulphur compounds. Among 
these the " vulcanization ” of rubber occupies a prominent 
place; the following will serve as examples of other processes. 


-SH 


Thiosalicylic acid, C,H4( 

^'COOH 


, may be prepared from 


o-chlorobenzoic acid by the action of alkali hydrosulphides 
in presence of copper or cop]X!r salts. For example, 50 kilos 
of chlorobenzoic acid are converted into the sodium salt by 
the addition of the necessary quantity of a solution of sodium 
hydroxide (40 B^.); loo kilos of potassium hydrogen 
sulphide, and 0-2-0-5 kilo of copper sulphate in solution, or 
an equivalent quantity of finely divic&d copper are added 
and the mixture is heated very gently to a temperature of 
i5o‘-20o“ and finally to 250“, when the mass gradually 
solidifies. The product is dissolved in 1000 1 . of water, 
and the solution filtered and acidified, when a quantitative 
yield of the thio-acid is obtained.^ 

* D. R. P. 18920Q, 
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Sulphurized dyes, which dye cotton from a sulphide bath 
in red shades, arc obtained when hydroxylated azincs, or 
their alkyl, aryl, carboxylic or sulphonated derivatives, 
or oxy-dcrivatives of substances containing an azinc group, 
are heated with alkali iwlysiilphides in presence of nickel or 
cobalt or a compotind of either, or of mixtures of these metals 
or their compounds. For example, 50 parts of sulphur are 
dissolved in 100 parts of crystallized .sodium sulphide and 
66 parts of water ; then 20 parts of aminohydroxyphenazine 
are introduced, and finally 8 parts of crystallized cobalt 
sulphate dissolved in 16 parts of water. Tlie mass is heated 
to 120° for about fifteen hours.‘ 


The. Viilcanizaiion of Rubber} 

The influence of catalysts in accelerating the process of 
vulcanizing rubber has received considerable attention, 
especially in recent yeais, because in practice it is desirable 
that the pt'rind necessary for satisfactory ^ailcanization 
should not be too prolonged. 

The resins and protein substances which occur in natural 
rubber a|)preciably affect th(‘ rate of vulcanization. If 
ihcse, and especially the proteins, are removed there is a 
marked decrease in the velocity of the process, whereas if 
the protxirtion of protein in a natural rubber is increased by 
removal of part of the hydrocarbon the rate of vulcanization 
is increased. Apart, however, from these natural catalysts, 
others both inorganic and organic have been for long in use. 

The successful development of the rubber industry dates 
from the year 1839, when Goodyear discovered the process 
of vulcanization. The main drawback to the original 
method (mixing the rubber with suitable proportions of 
sulphur, and subjecting the mixture to a temperature from 
135^' to 140’ for periods of time varying with the quantity 
of sulphur used) is the rather long period of heating required 

» Eng. P. 17740 (1907). 

* Twiss, /. Soc. Cham. Ind., 1917, 38 , 783; Peachey, J. Soc. 
Chem. Ind., 1917, 88, 425, 950. 
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for complete vulcanization, Goodyear himself recognized 
that the process could be hastened by the addition of mag¬ 
nesia to the mixture of rubber and sulphur, and for many 
years past manufacturers have employed this catalyst, as 
well as htharge, lime, and to a smaller extent magnesium 
carbonate, as “ accelerators ” or sulphur carriers. Apart 
from these basic compounds the only inorganic accelerators 
which have been projxiscd arc various mctalhc iodides, in 
particular antimony iodide, but these do not appear to have 
come into general use. Ihese accelerators when added 
to mixtures of niblier and sulphur in quantities of from 
5 per cent, upwards reduce very considerably the time 
required for vulcanization, but their use is necessarily 
restricted to the manufacture of certain classes of rubber 
goods owing to the fact that they produce other and undesir¬ 
able effects. 

In recent years a notable advance in the process of heat 
vulcanization of rubber has been the introduction of organic 
bases as accelerators. The first patent ’ bearing on this 
practice claimed the use of piperidine; subsequently the 
employment of many different amines was protected, and 
a later patent * covers tlie application of all organic bases 
of dissociation constant exceeding i x lo-®, for example, 
/>-phenylene diamine, aldehyde-ammonia, benzylamine, and 
naphthylene diamine. Volatile or unstable bases may be 
used in the form of such derivatives as carbamides, dithio- 
carbamidcs, carbamates or carbonates; thus the unstable 
base aminoguamdine is an excellent catalyst when used in 
the form of its comparatively stable bicarbonate. One of 
the most powerful of these organic catalysts is aldehyde- 
ammonia, of which the effectiveness far surpasses what 
might be anticipated from its ammonii content. 

The activity of most of the known organic catalysts is 
in some way related to the possession of basic or alkaline 
properties, and the dissociation constant referred to above 
forms a dividing hnc between bases which act as accelerators 
and those which do not. Undoubtedly, however, there 
» Eng. P. 11530 (1913)- * 11615 (1913)- 
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exists another class of organic accelerators, represented 
at present by certain compounds which contain the nitroso- 
group directly linked to a benzene nucleus or a similarly 
constituted nucleus. (The nitroso-amines, in which the 
nitroso-group is linked to a nitrogen atom, are inert.) Of 
these compounds />-nitrosodimethylaniline is probably tlie 
most effective.! Thus, according to Peachey, whilst a 
mixture of 100 parts of rubber and 10 parts of sulphur 
normally requires to be kept at 140" (40 lbs. steam pressure) 
for one hour when a " soft cure is desired, or longer in 
tire case of a harder cure, if from 0-3 to 0-5 per cent, of 
^-nitrosodimethylanilme is incorporated before heating 
the mixing it can be completely vulcanized m about twenty 
minutes. Similarly a vulcanite mixing (loo parts of rubber 
and 40 parts of sulphur) which normally requires to be heated 
at 140° for six hours may be completely cured in about two 
hours by the previous addition of 075 per cent, of the nitroso- 
corapound. Generally speaking, the addition of 0 3 per cent, 
or less of the catalyst to any ini.xing of good quality suffices 
to reduce the time necessary for vulcanization to one-fourth 
or one-third of that normally rcijuired. 

A modified form of the catalyst is pri'pared - by heating a 
.nixture of /)-nitrosodimetliylaniline with a certain proportion 
of sulphur to a temperature of about 130' , when vigorous 
reaction occurs with evolution of a reddish vapour wliich 
condenses on cooling to a yellowish-rcd solid. ITie residual 
reddish-brown mass by extraction with acetone or chloroform 
and subsequent evaporation of the extract yields a dark 
brown viscous mass. Both the yellowish-red condensate 
and the viscous mass act as powerful accelerators of the 
vulcanizing process, when a small quantity of either is added 
to a rubber mixing previous to heating. 

, The organic accelerators differ from such substances as 
magnesia or oxide of lead in so far that exceedingly small 
quantities are effective; their action is apparently truly 
catalytic in character. In this connection it should be 
noted that certain organic compounds possess the property 
! Eng. P. 4263 (1914). * Ibid. 113570 (1917)- 
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of retarding vulcanization, that is to say, appear to act as 
anticatalysts; among such are phenylhydrazine, methylene 
blue, and glucose. 

As already indicated, most of the effective organic catalysts 
are basic in character, and their activity is roughly propor¬ 
tional to their alkalinity, a relatively feeble base like aniline 
having httle influence on the rate of vulcanization; the 
inorganic accelerators in common use are also basic in charac¬ 
ter, Bearing these facts in mind, Twiss was led to attribute 
the relative advantage attaching to the use of organic bases 
chiefly to the fact that these substances are soluble in rubber, 
whereas the inorganic catalysts being sparingly soluble are 
not so uniformly distributed through the mass. He therefore 
concluded that the alkali hydroxides would prove to be 
excellent accelerators if a solvent for these compounds could 
be found which would itself dissolve in rubber, and finally 
patented * the use of glycerol, which dissolves approximately 
25 per cent, of potassium hyJro.xide and a smaller proportion 
of sodium hydroxide. If from i to 2 ptT cent, of this solution 
is added to a rubbc-r-sulphur mixture the vulcanization pro¬ 
cess is strongly accelerated, the effect being comparable 
with that of the strongest organic accelerator. 

Intramolecular Kearrangements 

Intramolecular rearrangements, resulting in the trans¬ 
formation of carbon compounds into their isomeridcs, are 
also included among the reactions in which catalysts take 
part, and .some reactions of this type are of technical import¬ 
ance. Familiar instances are the conversion of hydrazo- 
compounds into benzidine or its derivatives through the 
catalytic influence of strong acids, 

and the formation of aminoazo-compounds where diazo- 
amino-compounds are warmed with a mixture of an amine 
and its hydrochloride :— 

C,H,-N;N NH CeH, -> C,H,-N:N-C*H4(NH,). 

■ Eng. P. 17756 {1916). 
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Again, one of the methods of preparing vanillin (3), which 
is so largely used as a flavouring material, is the oxidation 
of isoeugenol (2), which is obtained by heating the isomeric 
eugenol (i) with potassium hydroxide in amyl alcoholic 
solution :— 

CH^CirCH^ CHiClICH, 

/\ /\ 

^ I, I0CH3 

OH OH 

(1) (2) 

A more recent example is tht‘ production of isoprenc from 
the isomeric unsymmetrical dimethylallene, which is effected 
by passing the latter over lieatcd catalysts, preferably under 
reduced pressure, and under such conditions as to avoid 
the formation of polymerized hydrocarbons; alumina and 
aluminous compounds are sjiecially suitable as catalysts: * 
(CIl3)3C:C:CHj - CHj.ClCHjl CHiCllj. 


CHO 


OH 

(3) 


Enzymes * 

Some very important chemical operations are carried out 
lirough the agency of one or other of the group of catalysts 
known as enzymes; among such operations are included the 
preparation of ethyl alcohol (together with higher alcohols) 
from starch, of maltose from starch, of acetic acid from etliyl 
alcohol, of lactic acid or butyric acid from lactose, of citric 
acid from dextrose, and of indigotin from the glucoside 
indican which occurs in the sap of the indigo plant. 

Enzymes are catalysts produced by living organisms, 
and in all probability are substances of definite chemical 
composition; in many respects their action resembles that 
of inorganic catalysts, and especially of such metals as plati¬ 
num when in the colloidal state. As enzymes arc themselves 
colloids, the reactions catalysed by them belong to the class 
of heterogeneous catalysis. They are specific in their 
* Fr. P. 440130. 

‘ Cf. Bayliss, Tie Nature of Enzyme Action. 
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action; that is to say, a certain definite enzjnne is required 
to bring about a particular transformation. 

As in the case of inorganic catalysts, a very small quantity 
of an enzyme will transform a relatively large amount of the 
substance undergoing change, and in general the velocity 
of the reaction is proportional to the quantity of the catalyst 
present, whilst the final result is independent of that quantity. 
Enzjmies also, like many inorganic catalysts, are very sensi¬ 
tive to the action of “ poisons,” such as hydrocyanic acid, 
sulphuretted hydrogen, mercuric chloride, etc.; moreover, 
in many cases their activity is enhanced by the presence of 
small quantiti('s of promoters. For instance, the efficiency 
of lipase in hydrolysing fats is increased by the addition of a 
trace of manganous sulphate, and trypsin, which is practically 
inert in acid or neutral solutions, is greatly assisted in its 
action by the prt'sence of alkalis. Autocatalysis, positive 
or negative, plays a considerable part in the changes of 
activity of an enzyme during the course of its action. 

There are, however, certain differences between enz3mies 
and inorganic catalysts, some of which undoubtedly arise 
from tile character of the former as organic colloids. Enzymes 
are sensitive to heat. In catalysis with the.se substances rise 
of temperature up to a certain point increases the rate of 
change, and for each enzyme there is a particular optimum 
temperature, frequently in the neighbourhood of 40°, at which 
its activity is at a maximum. At higher temperatures, from 
60° to ioo“, they are as a rule gradually destroyed, but some 
under certain conditions are able to withstand the tempera¬ 
ture of boiling water. Moreover, although enzymes resemble 
ordinary catalytic agents in being active in very small 
concentrations, they lose their activity when a certain amount 
of the substance on which they act has been transformed; 
this amount may be large, but is not, as in the case of inor-, 
ganic catalysts, practically without limit. In many cases 
the enzyme itself disappears in the course of the reaction. 

As regards the mechanism of enzyme action much remains 
to be discovered, but there is considerable evidence that a 
combination of sora.? kind is formed between the enzyme 
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and the substance on which it exerts its activity preparatory 
to the action of the former. There is also similar com¬ 
bination between the enzyme and the products of the 
transformation. 


Surface Combustion 

Catalysis appears to ])lay a part in the production of light 
by means of incandescent mantles, and undoubtedly does 
so in processes of surface combustion. 

An ordinary incandescent mantle contains about 1 per cent, 
of ceria, and smaller quantities of glucina and alumina, the 
remainder being composed of thoria; in mantles designed for 
use with high-jiressure gas the proportion of ceria is increased, 
and may reach nearly j jxt cent. Pure thoria does not glow 
brightly when heated. It accjuires the property of becoming 
highly luminous at high temperatures only when mixed with 
small quantities of other metallic oxides, of which ceria is 
by far the most efficient. It is sujiposed thc.t the ceria 
exercises a catalytic influence of some kind or another, but 
at present nothing more than a guess at the nature of that 
influence is justified. 

The catalytic influence of surfaces on chemical reactions 
finds important aiiplication in the now well-known methods 
of surface combustion, of which the development is cliiefly 
due to Bone.* As the result of a series of investigations on 
the influence of various heated surfaces on the combustion 
of hydrogen and of carbon monoxide, that observer came 
to the following general conclusions. 

(i) All surfaces have the power of accelerating gaseous 
combustion, in varying degrees depending upon their chemical 
character and their physical structure. 

, (2) The combustion takes place only in layers immediately 
in contact with the incandescent surface and not equally 
through the system. 

(3) The acceleration of surface combustion depends upon 
* Cl. Howard Lectures, Royal Society ol Arts, March 1914. 
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an absorption of the combustible gas and probably also of 
oxygen by the surface, whereby the gases are activated. 

(4) The surface becomes electrically charged during the 
process. 

It has also been found that the power possessed by hot 
surfaces of accelerating gaseous combustion is exhibited in 
an increasing degree as the t(!mperature rises, and that the 
marked differences between the catalytic power of various 
surfaces at low temperatures gradually diminish with rise 
of temperature and practically disappear when bright 
incandescence is reached. 

Incandescent surface combustion has been applied to a 
number of practical purjxises such as the concentration of 
solutions, raising steam, melting metals, etc. 

In one method a porous diaphragm of refractory material, 
fitted into a suitable frame which provides a space at the 
back into which the mixture of gas and air can be fed, is 
brought into proximity to the object to be heated. The gas 
is first turned on and lighted and then air gradually added 
until the quantity necessary for complete combustion,' or a 
slight excess, is {iresent. The flame becomes non-luminous 
and diminishes in size, and almost immediately retreats to 
the surface of the diaphragm, and finally all signs of 
flame disappear, whilst the surface glows inten.sely. The 
temperature thus attained is very high, and practically no 
solids have been found suitable for the contact material 
except calcined magnesia and carborundum. 

In a second form of the apparatus, more particularly 
adapted for raising .steam or melting metals, the porous 
diaphragm is replaced by granules of the refractory contact 
material, wliich may be arranged in layers or packed into 
tubes, e.g. in a tubular boiler. In ah arrangement which 
provides for the use of liquid fuel, the fuel is burnt in a 
separate space under the boiler, and the products of combus¬ 
tion are carried with the requisite proportion of air through 
boiler tubes charged with the granular contact surface. 

This method of surface combustion admits of the employ¬ 
ment of almost any form of combustible gas, such as waste 
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gases from blast furnaces and coke ovens and producer gas 
of all kinds, and a high efficiency is obtained. 

Whatever the explanation of the mechanism of the 
process may be—possibly the formation of layers of electri¬ 
cally charged gas may induce greatly increased chemical 
activity—there is no doubt that the influence of the heated 
surface is catalytic in character. 
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Dihydroquinine, xoi 
Dihydrostrychnine, 100 


Dihydroxymethyibntaoe, d^ydro- 
genation of, 148 

Dimethylallene, rearrangement of, 
189 

Dimethylaniline, 177 

-, condensation with carbonyl 

chloride, 164 

Dunethylindole, condensation with 
diaminobenzophenone, 164 
;t>-Dimethylphenylene diamine, 91 
w-Dinitrobenzene. chlorination, 171 
Diphenyl ether, 154 
Diphenylamine-o-carboxylic acids, 
176 

Discharge of dyes, 93 
Dryers, 128 
Drjing of oils, 128 
Dyes, 164, 178,185 

-, discharging. 93 

-, leuco compounds of, 88, 164 

Electrolytic oxidations, 129 

-reductions, 90 

Enzymes, 189 
Erythrenc. See Butadiene. 

Esters, 151, 152 

-, hydrolysis of, 737,142 

Ethane, 95, 96 
Etliers, 14G, 154 
Ethyl acetate, 162 
Ethyl alcohol, condensation with 
acetaldehyde, 153 

-, dehydration of, 147 

-, dehydrogenation of, 122 

Ethylene, 97. 143, 147 

-, hydrogenation of, 95 

-, purification ol, 96,148 

Ethyhdene diacctate. 130 
Kugenol, isoeugenol from, 189 

Fats, hardening of, loi 

-, hydrolysis of, 142 

Fatty acids. 142 
Formaldehyde. 125 

-, condensation with phenols, 

168 

Formates, 89 
Formic acid, 89 
Furane, 167 
Glyceric aldehyde, 132 
Glycerol, 142 

Glycine, condensation with o-chloro* 
benzoic acid, 176 
Graphite, 25 
Grignard recent, 167 
Halogen derivatives, 170 
Hardening of fats. 101 
Hexahydrocinchonidine, loi 
Hexahydrocinchonine, loi 
Hexahydropyridine, loi 
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. fexahydroxyanthraquinoae, 132 
Hydration, 137 

-of acetylene, 138 

Hydrazine, 60 
Hydrazobenzene, 91 
Hydrocarbons, 79, 95. 97, 98, 119, 
147* 14^. 15b, 1O9, 170 
-, condensation with alkyl hal¬ 
ides, i6g, 170 

-, degradation of, 115 

-, dehydrogenation of, 113, 115 

-, hydration of, 13S 

-, hydrogenation of, 94 

-, polymerization of, 155 

-. unsaturated, 97,139, 147. 155 

Hydrochloric acid, 24 
Hydrogen, 15 

-, addition in gaseous systems, 

94 

-, -in liquid systems, oo 

-, reduction with, m gaseous 

systems, 79 

-,-, in liquid systems, 

86 

-, purification of, Ji. 72 

Hydrogen peroxide, 42 

-- oxidation with, 132 

Hydrogenation, 69 

-, in gaseous systems, 70, 94 

-, in liquid systems. 74, 9(1 

-of acetylene. 96 

-of alkaloids, 99 

-of aromatic compounds, 97 

-of benzene, 98 

-of cyclic hydrocarbons, 98 

-of ethylene, 95 

-of oils, 101 

-of phenols, <)9 

-of unsaturated compounds, 04, 

99 

-. with decomposition, ito 

Hydrolysis, 137 

-of esters, 137 

-of fats, 142 

Hydroquinine. 100 
Hydrosulphites, reduction with, 93 
Hydroxyanthraquinones, 132 
^-Mydroxybenz^dehyde, (.ixidation 

oi. 133 

Hypochlorites, 25 
-, oxidation with, 134 

Incandescent mantles, 191 
Indigo white, 88 
Indigotin, 165 

-, reduction of. 88 

Intramolecular rearrangements, 188 
lonones, 165 
Iron, active, 10 
-, purification of, 10, 50 


Iron, reduction with, 92 
Isoeugenol, 189 
Isoprcne, 148, 149, 189 

-, polymerization of, 156 

Isopropyl alcohol. 86 

Ketones, 123, 179, 182, 183 

-, reduction of, 85 

Kjeldahrs process, 131 

Leiico derivatives of dyes, 88 
List of catalysts, 194 

Malonic acid, con<lensation with 
benzaldehyde. 100 
jMagenta, 133 
Mantles, inciindescent, 191 
Methane, 79 

Methyl alcohol, condensation with 
aniline, 177 

•-, oxulatum of. 125 

Methyl chloride, condensation with 
benzene. 169 

Methylbenzanthrones, 12 \ 

Mixed ethers, 154 
Monochloroacctic acid, 170 
3-Myrcene, 159 
-, polymerization of, 15<) 

Naphthalene, chlorination ot, 172 
- , oxidation of, 130. 131 
Naphthaijiiinone, 130 
a-Naphthylamme, 83 
Negative catalysis, 6 
Nickel, active, 8 

-. poisons ot, 6, 9, 103 

Nitration of benzene, 175 

-of toluene. 17G 

Nitric acid, Oi 

-^ oxidation with, 133 

Nitriles, 150 

Nitro comiKiunds, reduction of, 82, 
90 

/>-Nitroaniline, 176 
u-Nitrobenzaldehyde, 135 

-, condensation with acetone, 

165 

Nitrobenzene, 175 

-, oxidation with, 133 

-, reduction of, 83, 85, <g) 

o-Nitrobenzoic acid, 135 
/»-Nitrodiphenylamine, 177 
Nitrogen compounds, oxidation of,’ 
ni 

a-Nitronaphthalene, reduction of. 

/>-Nitrophenol, reduction of, 85 
p'Nitrosodimethylaniline, reduction 
of, 91 

<>Nitrotoluene, oxidation of, 135 
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Nitrotoluenes, reduction of, 83 

Oils, bleaching of, 129 

-, diying of, 128 

-. hydrogenation of, 101 

Olefines, hydrogenation of, 94 
Oxalacetic acid, 132 
Oxalic acid, 134 
Oxidation, electrolytic, 129 

-of acetaldehyde, 126 

-of aniline, 127, 130, 135 

-of anthracene, 127, 129. 134 

-of cane sugar, 134 

-of />-hydroxybenzaldchyilc, 

133 

-of methyl alcohol, 125 

-of naphthalene, 130, 131 

-of nitrogen compounds, 131 

-of o-mtrotoluenc, 131 

-of tetrahydroxyanthraquin- 

onc, 132 

-of o-toluidine, 133 

-with chlorates, 135 

-with hydrogen peroxide, 132 

-with hypochlf)rites, 134 

-with nitric acid, 133 

-with nitrobcn/ene, 133 

-with oxygen. 125 

-with sulphuric acid, 130 

Oxygen, oxidations viith, 125 

Palladium, active, ii 
Para-acetaldehyde, 161 
Persulphates, 42 
Pcrsuiphuric ai.id, 42 
Petroleum, cracking of, 117 
— . synthetic, no 
•Ricnois, condensation with form¬ 
aldehyde, 168 

-, hydrogenation of, 87, 99 

Phenylanthranilic acid, 176 
Phenylglycine-e-carboxylic acid.i 76 
Phenyl methyl ether, 154 
Phenyl a-naphthyl ketone, dehydro¬ 
genation of, 124 
Phthalic acid, 131 
Ificohues, 168 
Piperjdcne, 149 
Platinum, active, ii 
Poisons, catalyst, 6, 9, 37, 49, 103, 
190 

Polymerization, 155 

* -of acetaldehyde, 161, 162, 163 

——— of acetylene, 115,155 

-of butadiene, 156 

of isoprene, 156 
' — ■ of g-myreene, 159 
-of unsaturated hydrocarbons, 

^ 115. 156 

Promoters. Su Activators 
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Protocatechuic aldehyde, 133 
J’yridinc, sulphonation of, 175 

Rcarrangeinents. intramolecular 
188 

Reduction with hydrogen, electro¬ 
lytic, (K> 

-in gaseous systems, 79 

-in liquid systems, 86 

-- of acetone, 86 

-, of aldehydes, 85 

-. of azobcnzcnc, 91 

-, of aromatic nitro com¬ 
pounds, 82, go 

-. of carbon dioxide, 80 

-. of carbon monoxide, 79 

-, of carbonates, 89 

^ of carbonic acid, 89 

-. of indigotin, 88 

-- of ketones, 85 

-, of nitro-benzene, 83, go 

-, of uitrophcnol, 85 

-, of /)-nitrosodiraethyl- 

aniline, qi 

—- with hydrosulphites, 93 

-with iron and hydrochloric 

acid, 92 

-with sulphurous acid, 92 

Rubber, synthetic. 156 
-, vulcanization of, 185 

Scatole, 113 
Sodainide, 57 

Sudniin acetate, condensation with 
chloropcntane, 166 
-cyanide, 58 

Sulpho groups, elimination of, 175 
Sulphobenzoic acids, 175 
Sulphonation of anthraquinone, 174 

-of benzene, 174 

-of benzoic acid, 175 

——- of pyridine, 175 
Sulphur, 31 

-compounds, 184 

-dioxide, oxidation of, 32, 36 

Sulphuric acid, chamber process, 32 

-—, contact process, 36 

-, oxidation with, 130 

Sulphurized dyes. 185 
Sulphurous acid, reduction with, 
92 

Sulphuryl chloride, 42 
Surface combustion, 191 
Synthetic petroleum, no 
-rubber, 156 

Tctrachlorobenzaldehyde, 172 
Tetrachlorotolucne, 172 
Tetrahydrobenzene, 115 
Tetrahydrostiychmne, 100 
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Tetrahydroxyanthraquinonc, oxida- 
tion of, 132 

T etramethyldiaiuinoben zh y drol, 
condensation with aniline, 164 
Tetramethyltriaminotriphenyl* 
methane, 164 
Thio alcohols, 155 
Thiophen, 167, 168 
Thiosalicylic acid, 184 
Toluene, 169 
— — , chlorination of, 172 

-. nitration of, 176 

o-Toluidine, oxidation of, 133 
Toluidincs, 83 

Tolyl a-naphthyl ketones, dehydro¬ 
genation of. 124 
Trichloroethylene, 173 

Unsaturated hydrocarbons, hydro¬ 
genation of, 94 


Unsaturated hydrocarbons, pdy- 
menzation of, 155 

-compounds, hydrogenation in 

gaseous systems, 94 

—-»-in liquid systems, 

99 

Vanillin, 189 

Vat dyes, leuco derivatives of, 88 
Vulcanization of rubber, 185 

Water, as catalyst. 2 
-, combination of acetylenewith. 

138 

-, elimination of elements of, 

144 

-, hydrolysis with, 142 

Water gas, hydrogen from, i6 
-—, methane from, 80 
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